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The last three decades have marked unprecedented advances in polymer chemistry enabling 
the production of a wide range of well-defined block copolymers. Such macromolecules are 
crucial for structure-property relationship studies, bulk block copolymer self-assembly and in 
the pursuit of sequence-controlled macromolecules for biomimicry. However, in most cases 
the conventional RDRP (reversible-deactivation radical polymerisation) techniques, used to 
synthesise such materials, rely on toxic transition metals, sulfur or unstable compounds to 
provide control and often produce inherently coloured polymers [e.g. in the case of reversible 
addition-fragmentation chain transfer (RAFT)]. This highlights one of the key challenges in 
polymer chemistry; the need to produce block copolymers without the use of sulfur or transition 
metals.   
In the quest for commercially relevant block copolymer materials, for which overall average 
molecular composition is key but molar mass distribution is of little importance, a 
straightforward, sulfur- and metal-free aqueous route to block copolymers using commercially 
available starting materials is described. Based on synthetic techniques first described in the 
1950s for hydrophobic monomers in organic solvents, the alkyl halide bromoform (CHBr3) has 
been used to synthesise block copolymers. Unlike common bromine-containing chain transfer 
agents such as carbon tetrabromide (CBr4), bromoform is partially water-miscible and 
relatively inexpensive. In addition, bromoform is readily available, stable (easily stored) and 
can be used directly at low and ambient temperatures. Interestingly, bromoform has been 
reported to photodissociate under UV light and as a result of this the reactions described in 
this thesis are conducted under UV conditions. 
Herein, this new aqueous-based technology has been studied using N,N-dimethylacrylamide 
(DMA) and N-isopropylacrylamide (NIPAM) as exemplar monomers to synthesise poly(N,N-
dimethylacrylamide)-block-poly(N-isopropylacrylamide) [PDMA-b-PNIPAM] block copolymers 
of varying composition directly in water. Detailed kinetic studies, using this bromoform-
assisted polymerisation technique were conducted to identify the optimal conditions for 
synthesising potentially bromine-terminated PDMA and PNIPAM macro-initiators for 
subsequent chain extension. 
Following these kinetic studies, PDMA (made using 2 mol % bromoform, relative to monomer) 
was used as a macro-initiator for subsequent PDMA-b-PNIPAM copolymer synthesis. Both 
one-pot and two-step studies were conducted to identify potential routes to block copolymer 
synthesis. The one-pot study was completed as the simplest, cheapest route to forming the 
PDMA-b-PNIPAM copolymers. However, due to unwanted impurities formed during the one-
step synthesis, alongside the need to understand the process in unprecedented detail, a two-
step synthetic route was explored. The two-step synthetic route was completed using PDMA 
macro-initiators (using PDMA synthesised to both 91 and 70 % conversion) in order to further 
optimise the methodology. 
Finally, a series of control reactions were conducted to provide further evidence that 
bromoform was required to impart the reversibly-cleavable chain end functionality under UV-
irradiation, for block copolymers to be formed. Additionally, control reactions were undertaken 
to further indicate that block copolymers were formed in this study; demonstrating the potential 
of this technique as a simple, inexpensive route for the creation of functional block copolymers. 
Key words: Bromoform, poly(N,N-dimethylacrylamide), poly(N-isopropylacrylamide), block 
copolymer, macro-initiator, commercially-relevant, photodissociation, reversibly-cleavable. 
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1.1 Introduction to Thesis 
This thesis is concerned with the development of a bromoform-assisted free radical synthesis 
route to produce block copolymers. Polymerisations in the presence of bromoform were 
investigated using hydrophilic N,N-dimethylacrylamide (DMA), and temperature-responsive 
N-isopropylacrylamide (NIPAM). DMA and NIPAM were selected for this study as exemplar 
monomers due to their highly desirable water solubility [poly(N-isopropylacrylamide) 
(PNIPAM) is soluble in water below 32 °C1]; allowing the reactions to be conducted in aqueous 
media. Additionally, incorporating NIPAM within the copolymer allows block copolymer self-
assembly to be explored. Bromoform is used under UV conditions to equip the poly(N,N-
dimethylacrylamide) (PDMA) and PNIPAM chains with a reversibly cleavable bromine chain 
end. Refinement of the homopolymerisation studies led to an optimal route for the synthesis 
of the bromine-terminated PDMA and PNIPAM, now referred to as macro-initiators. A further 
in-depth investigation was then undertaken to determine the potential of these polymer chains 
to reinitiate under further UV irradiation and for subsequent block copolymer synthesis to 
occur. The copolymer synthetic routes included both one and two-step investigations in an 
attempt to understand the system in more detail to synthesise poly(N,N-dimethylacrylamide)-
block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM). 
Bromoform has been selected for use in this study as it is partially water-miscible (3.0 g/L at 
20 °C2,3, 3.0 g/L at 25 °C3,4 and 3.2 g/L at 30 °C2,3), readily available, inexpensive, stable 
(easily stored) and can be used directly at low and ambient temperatures, in contrast to other 
mediating agents (e.g. alkyl iodides or CTAs). This leads to the exploration of a new aqueous-
based synthetic route for the production of commercially-relevant block copolymers.  
Overall, this thesis is comprised of six chapters, including an introduction that sets the scene 
for the project. The remainder of the thesis consists of; Materials and Experimental Methods 
(Chapter 2), followed by three results and discussion chapters: Bromoform-assisted 
polymerisation of N,N-dimethylacrylamide (Chapter 3), Bromoform-assisted polymerisation of 
N-isopropylacrylamide (Chapter 4), Synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-
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isopropylacrylamide) copolymers (Chapter 5) and finally a Conclusions and Future Work 
(Chapter 6) section.  
1.2 Polymers 
According to Cowie,5 polymers are universally accepted by scientists simply as ‘giant 
molecules’, however, in more detail they are considered substances with molecular structures 
built up of many covalently bonded repeating units known as monomers6. Polymeric materials 
are recognised globally for their diverse and wide range of applications such as; packaging7,8, 
drug delivery systems9,10, tissue regeneration11–13, wound dressings14,15 and contact 
lenses16,17. Modern medicine is becoming increasingly dependent on polymer research and 
its advances; of particular interest are what are sometimes referred to as ‘smart’18–25 or 
‘designer’ polymers26. These materials are polymers which have been constructed from 
carefully selected monomers to result in specific desirable physical, chemical and even 
biological properties27,28. With the ability to control properties such as; biocompatibility29, 
biodegradability30–33 and stimuli-responsiveness34,35, the final polymeric material can be tuned 
to meet the need of the given application. For example, progressions in biodegradable polymer 
technology has resulted in the production of biomedical scaffolds that support tissue growth 
and degrade once they have served their purpose in the body36. Such developments have 
only been possible with the continued research into polymer synthesis routes. 
1.3 Polymer synthesis 
The purpose of polymer synthesis is to efficiently create macromolecules (large molecules) 
with controlled structures for desired applications. While there is a wide variety of existing 
polymerisation methods, no single technique is appropriate for all of the monomer species 
available. In many cases, a given polymerisation method is more suited to certain monomer 
species; dependent on the overall chemical composition of the monomer molecule and its 
associated properties (such as reactivity and solubility). Some methods, however, do provide 
a greater tolerance of monomer species resulting in a set of reactions that can all proceed via 
the same simple mechanism. It is important to consider the effect that the polymerisation 
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method has on the final composition of the polymer produced; specifically, the polymer 
number-average molar mass [Mn (kg mol-1)], weight-average molar mass [Mw (kg mol-1)] and 
molar mass dispersity (Đ). In a uniform system, each polymer chain produced would be the 
same length (monodisperse), however, this is unachievable in laboratory-based synthesis. 
Instead, for any given polymerisation reaction, a range of chain lengths will be produced. The 
Mn of the final polymer is a statistical average molar mass of all of the polymer chains in a 
sample37 and is calculated from Equation 1.15. Where Mi is the molar mass of a given polymer 




 Equation 1.1. 
Mw takes into account how much each chain length contributes to the molar mass average 
(Equation 1.2)5. Đ then quantifies the distribution (or spread) of the respective molar masses 











The amount of control over the molar mass and molar mass dispersity is heavily dependent 
on the method of polymerisation that is used. Polymer synthesis can be broadly divided into 
two main categories; those of step and chain polymerisation. 
1.3.1 Step polymerisation 
Step polymerisation proceeds via a mechanism in which multi-functional (f ≥ 2) monomers 
react with one another via their end group functionality. Initially, they form dimers, then trimers, 
before eventually forming oligomers and long chain polymers39. In this technique there is no 
need for an initiator species (the interaction of reactive monomer molecules starts the reaction) 
as the reactive functions present on the monomer units allow for the growth of the polymer40. 
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Step polymerisation continues up until the point when there is no more (or a negligible amount) 
of monomer present in the system. There is no termination stage and the ends of the polymer 
chains remain active at the end of the polymerisation reaction. However, step polymerisations 
must be driven to extremely high monomer conversions in order to achieve high molar mass 
polymers as depicted by Carothers equation (Equation 1.4)40,41. Where DP refers to the degree 
of polymerisation and p is the extent of reaction. In more detail, Equation 1.5 shows that p is 
directly related to the number of monomer molecules initially present in the reaction, N0, and 








 Equation 1.5. 
 
1.3.2 Chain polymerisation 
Chain polymerisation proceeds via three steps; initiation, propagation, and termination42 as 
seen in Scheme 1.143. Polymer chains are typically generated by initiator species adding to 
monomer molecules44. The initiator used can be in a number of forms, such as free radical45 
(generated due to the decomposition of the initiator species often under mild conditions 
including UV light, heat46 or gamma radiation47), organometallic complexes48, cations49 and 
anions50. Each of these methods of chain polymerisation, using different initiator species, are 
referred to as free-radical45, coordination48, cationic49 and anionic50 polymerisation, 
respectively. In each case, once the first monomer species has bound to the initiator, 
propagation begins; this involves sequentially adding monomer units to the active species with 
the active site being gradually passed along the growing chain51. Termination can then occur 
via one of two processes52; combination or disproportionation (Scheme 1.1)43. Combination 
occurs when two polymer radicals meet to form a covalent bond. Combination can occur as 
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either a head-to-tail or head-to-head linkage. The most prevalent reaction depends on radical 
stability and steric hindrance53. On the other hand, disproportionation occurs when a hydrogen 
atom is abstracted from one polymer chain to another. This results in two dead polymer chains; 
one containing the abstracted hydrogen atom and the other with an unsaturated chain end. 
 
Scheme 1.1. Chain polymerisation mechanism showing a) initiation, b) propagation and c) 
termination. 
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The molar mass of a polymer synthesised via chain polymerisations can be high when 
excessive amounts of monomer54 are present in the reaction. For step polymerisation, an 
exact stoichiometric balance of monomers41 and sufficiently long reaction times55 are also 
required to synthesise high molar mass polymers (Figure 1.15). High purity monomers should 
also be used in both cases to limit side reactions56; including unwanted termination. In the 
case of step polymerisation (more specifically condensation), it is also sometimes necessary 
to remove the small molecule, eliminated in the reaction, to promote the production of the 
polymer rather than the reverse reaction41 (as seen in the synthesis of poly(ethylene 
terephthalate)57). 
 
Figure 1.1. Trend of molar mass with extent of reaction for chain and step growth and living 
polymerisation reactions. Modified from Cowie5.  
The molar mass of a polymer, produced via chain growth, is more heavily dependent on the 
monomer to initiator ratio. The molar mass dispersity achieved in conventional chain 
polymerisation (free radical polymerisation) can range between 2-558,59 when approaching 100 
% monomer conversion. On the other hand, the molar mass dispersity achieved in step 
polymerisation is 2 when approaching 100 % monomer conversion and, as previously 
discussed, high molar masses are only achieved at significantly high monomer 
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conversions40,41. This demonstrates that both methods lack control over the final polymer 
produced and its corresponding mechanical (e.g. strength60 and Young’s modulus61) and 
physical (e.g. melting and boiling point62 and glass transition temperature, Tg63) properties64. 
Typically, these traditional methods also limit control over the composition, chain architecture 
and possibility of introducing site-specific functionality within the polymer65. Further 
advancement in polymeric research has resulted in a series of synthetic pathways that can 
overcome such issues; the first, discovered in 1956 by Szwarc66, is known as living anionic 
polymerisation. 
1.3.3 Living polymerisation 
Living polymerisations are defined as a series of reactions in which irreversible chain transfer 
and chain termination are absent67. Herein the living polymerisation techniques known as 
anionic polymerisation, group transfer polymerisation (GTP) and cationic polymerisation will 
be discussed. 
1.3.3.1 Anionic polymerisation 
Arguably one of the most successful living methods is anionic polymerisation, which offers the 
greatest degree of control; producing polymers with narrow molar mass distributions (Ð < 
1.168–70). In the case of living anionic polymerisation no external energy source (such as light, 
heat or UV irradiation used in free radical polymerisation) is required to decompose the initiator 
and generate active radicals. Instead highly reactive initiators are selected (often alkyl lithium 
compounds71,72), relative to the monomer being polymerised, which go on to form relatively 
stable carbanions during initiation73,74. All chains are initiated at the start of the reaction 
providing each chain with equal probability to grow (Figure 1.1); leading to the narrow molar 
mass distributions previously mentioned68–70. The initiator selected must be more reactive than 
the resulting carbanion otherwise the polymerisation will not proceed, however, it should not 
be too reactive as this can lead to unwanted side reactions73. The nature of living anionic 
polymerisation leads to the elimination of termination events; there will be no chain-chain 
coupling due to the unfavourable electrostatic forces between the anionic charges present at 
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each chain end75. This then also provides the opportunity for further chain extension or chain 
end modification once the initial monomer has been completely consumed. Living anionic 
polymerisation has been used to produce polymers of high molar mass, through addition of 
more monomer, and highly valuable block copolymers; through the sequential addition of a 
second monomer23,76–78. In the case of block copolymer formation, the stability of the second 
monomer carbanion must be greater than that of the first monomer polymerised; restricting 
the sequence of monomer addition79. 
Whilst living anionic polymerisation clearly has its advantages, this method is not without its 
drawbacks. The reagents, including initiator, monomer and solvent, must be rigorously purified 
to remove potential inhibitors such as oxygen, carbon dioxide and water80. If present in the 
system, these molecules can react irreversibly with the anionic chain end causing potentially 
unwanted termination75. However, in some cases highly selective reagents are added to 
produce polymers with desired chain end functionality for further reactions81. Additionally, the 
reaction vessel should be extremely dry, again to remove water, and often requires heating 
under vacuum overnight82. Most significantly, as the monomer must contain an anion 
stabilising group73,83, this limits the variety of monomer that can be polymerised via this method 
(styrene, 1,3-butadiene, isoprene, 2-vinylpyridine and ethylene oxide are some examples73,83).  
1.3.3.2 Other living techniques 
Other living polymerisation techniques include group transfer and cationic polymerisation. 
Similar to anionic living polymerisation, GTP is a living anionic chain growth process22,84 and 
can be used to synthesise polymers with high molar mass and narrow molar mass 
dispersities85. Additionally, termination events are eliminated and further chain extension or 
chain end modification is possible once the initial monomer has been completely consumed86. 
However, in this case the reaction is initiated by silyl ketene acetals84,87 and a co-catalyst (such 
as a Lewis acid (electron acceptor)84,86,87). One advantage of GTP is the ability to synthesise 
polymers from (meth)acrylic monomers at room temperature and above84,86. This unlike 
anionic living polymerisation, discussed previously, which has been shown to only produce 
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sufficient (meth)acrylic polymers at significantly low temperatures (-78 °C88). The main 
drawback of GTP is the sensitivity of the catalysts to protic impurities89, such as the 
aforementioned water that must also be eliminated in anionic living polymerisation75.  
Finally, in the case of cationic polymerisation Lewis90,91 or protic acid initiators90,92 and 
monomers with electron donating groups are required91,93. Reagents including solvent, initiator 
and in some cases a catalyst must be selected specifically for the monomer that is being 
polymerised. H+ and an anionic base (B-) species are generated from the initiator molecule, 
after which, a monomer unit will react with H+ to form a new cationic species. This cationic 
species can then continue to react with more monomer units during the propagation stage90,91. 
However, high molar mass polymers are difficult to achieve due to frequent side and chain 
transfer reactions that can occur in the cationic system91.  
To overcome the strict reaction conditions and broaden the scope of polymers that can be 
synthesised in a controlled manner another series of synthetic routes, known as reversible-
deactivation radical polymerisations, were developed.  
1.3.4 Reversible-deactivation radical polymerisation 
Reversible-deactivation radical polymerisation (RDRP) is a method of polymerisation where 
the active chain end is a free radical. This enables new polymeric materials to be designed to 
fit specific applications through the formation of polymers with complex architectures, 
compositions and functionalities65. However, unlike living polymerisation, termination is 
supressed (relative to propagation) rather than eliminated and chain transfer is often a key 
process in many of the RDRP methods. Arguably, three of the most important and widely 
studied RDRP techniques are; nitroxide-mediated radical polymerisation43 (NMP), atom 
transfer radical polymerisation94 (ATRP) and reversible addition-fragmentation chain transfer95 
96 (RAFT) polymerisation. Each of these RDRP methods relies on forming a dynamic 
equilibrium between a limited number of propagating polymer chains and a predominant 
number of dormant chains97; due to either a persistent radical effect98 or degenerative chain 
transfer99. This results in the aforementioned supressed termination (relative to propagation) 
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and provides temporarily dormant chains that are capable of reactivation, functionalisation or 
chain extension100. 
1.3.4.1 Atom transfer radical polymerisation 
ATRP involves an alkyl halide initiator101,102 and transition metal catalyst103. In the ATRP 
process the control arises from a reversible equilibrium generated between dormant and active 
radical species; with the equilibrium shifted to favour the side with low radical 
concentrations104. The dormant species is reactivated by the transition metal catalyst105 and 
because of this intermittent reactivation/reversible dormancy the fraction of ‘dead’ terminated 
polymer chains that are formed is significantly reduced (<10%105), resulting in polymers with 
similar molar masses and Ð < 1.2106,107. 
1.3.4.2 Nitroxide-mediated radical polymerisation 
NMP utilises an alkoxyamine108 compound to generate highly stable nitroxide radicals capable 
of acting as persistent radicals during the polymerisation109. Initiating radicals react with the 
monomer species before propagation begins. After no more than a few propagation steps the 
growing chain is trapped by a nitroxide radical forming a temporarily dormant species110. This 
reversible termination and reactivation of the growing chains by nitroxyl radicals is what leads 
to a reduced formation of permanently unreactive (or ‘dead’) chains111. Overall, this results in 
the formation of polymers with controlled molar masses and Ð < 1.2107. 
1.3.4.3 Reversible addition-fragmentation chain transfer 
Of all the RDRP methods, RAFT is recognised as the most versatile technique due to the 
applicability to the widest range of monomer structures112. In addition, RAFT permits a high 
degree of control over the molar mass and molar mass dispersity (often Ɖ < 1.2 for the 
latter)107,113 whilst also having high tolerance over the reaction conditions; including the 
functionality of the reagents involved114. RAFT proceeds via a pathway that includes the 
traditional initiation and propagation steps with the addition of chain transfer and chain 
equilibration stages to limit termination to within less than 10 %115 of the final polymer (Scheme 
1.2115).  
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Scheme 1.2. RAFT reaction mechanism showing a) initiation, b) chain transfer to CTA, c) 
reinitiation, d) chain equilibrium and e) termination. Modified from Moad et al.115. 
The control associated with RAFT polymerisations is heavily dependent on the chain transfer 
agent (CTA)116; sometimes referred to as a modifier5 or RAFT-agent117. Chain transfer of the 
CTA between growing and dormant polymer chains regulates the molar mass of the polymer 
and limits termination reactions116; this stage is known as chain equilibrium.  
RDRP techniques offer a series of reactions that are more tolerable to reaction conditions (e.g. 
in bulk, suspension, emulsion, protic organic/aqueous solvent)118,119 whilst still providing good 
control to produce polymers with targeted molar masses and low dispersities106,107,113. The 
ability to synthesise polymers with control over the molar mass, molar mass dispersity and 
chain functionality, particularly in aqueous solvents119, is of great interest for developing 
greener synthetic routes to designer materials. Additionally, when compared to living anionic 
polymerisation, RDRP methods are often more inexpensive and robust120. RDRP techniques 
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are also tolerable toward a wider scope of monomer species (e.g. (meth)acrylates, 
acrylonitriles and acrylamides21,121–133) including those that contain unprotected functionalities 
such as hydroxyl, amide and anhydride groups134 and despite the drive for narrow molar mass 
distributions, this is not always necessary to prepare materials with desired characteristics and 
performance135–143. 
1.4 Chain transfer 
Chain transfer itself refers to the abstraction of an atom (or fragment of a molecule) from an 
inactive molecule (X-Y) by the polymer chain144. The proportion of chain transfer that may 
occur during a polymerisation reaction is heavily reliant on the strength of the X-Y bond in the 
inactive molecule145 as well as the polymer structure and reaction conditions; such as the 
concentration of the reagents146 and the temperature of the system44. Chain transfer can occur 
between a polymer chain and any of the following: monomer, initiator, polymer, solvent or 
CTA146, depending on the associated chain transfer constants. 
1.4.1 Chain transfer to monomer 
Transfer of the polymer radical to monomer involves hydrogen abstraction (Scheme 1.3)44. 
The new radical formed on the monomer molecule is often so stable that further propagation 
of that radical does not occur147. This results in rapid chain termination and is an example of 
degradative transfer, however, the probability of chain transfer to monomer is often incredibly 
low because of the energy that is required to break the strong carbon-hydrogen bond148.  
 
Scheme 1.3. Chain transfer to monomer. 
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1.4.2 Chain transfer to initiator 
Chain transfer of the polymer radical to an initiator molecule results in the end-group 
functionality of both ends of the polymer chain being comprised of segments of initiator 
molecules (Scheme 1.4)44. The resultant radical that is then formed on the other portion of the 
initiator molecule can go on to produce a new growing polymer chain149. Control of initiator 
concentration is an important factor in limiting this method of chain transfer to result in the 
formation of high molar mass polymers150. 
 
 
Scheme 1.4. Chain transfer to initiator (A2). 
 
1.4.3 Chain transfer to polymer 
Transfer of a polymer radical to a polymer chain results in short or long chain branching 
depending on the type of transfer; intra- or intermolecular (Scheme 1.5)44. Branching occurs 
due to the abstraction of an atom from a position within the polymer chain by a radical151. This 
mode of chain transfer can be intramolecular or intermolecular; where the initial radical was 
part of the same polymer chain in which the atom was extracted from (backbiting) or from a 
disparate polymer chain, respectively152. The rheological153 and physical properties of the final 
polymer are directly related to the degree of branching154. Therefore, the potential for chain 
transfer to polymer must be considered when designing and conducting new polymer 
syntheses.  
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Scheme 1.5. Chain transfer to polymer a) intermolecular chain transfer and b) intramolecular 
transfer. 
1.4.4 Chain transfer to solvent 
The ability of a solvent to take part in a chain transfer reaction is highly dependent on; the 
strength of the bond in which an atom would be extracted from the solvent molecule by the 
polymer chain155, the quantity of solvent present156 and the stability of the solvent radical that 
is produced during the chain transfer157. Similar to chain transfer to monomer (Section 1.4.1), 
hydrogen abstraction can occur. In the case where hydrogen abstraction does not occur, as 
with solvent carbon tetrachloride (CCl4) (Scheme 1.644,146), the solvent radical produced could 
also be capable of acting as an initiator fragment; forming a new growing polymer chain158. 
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Scheme 1.6. Chain transfer to the solvent molecule carbon tetrachloride (CCl4). 
1.4.5 Chain transfer to RAFT CTA 
The transfer of a polymeric radical to a RAFT CTA occurs in a controlled manner due to the 
design of the CTA molecule (Figure 1.2); specifically the presence of a bond that is much 
weaker and susceptible to chain transfer than that of a carbon-hydrogen bond159. During the 
polymerisation there is an addition step between the propagating polymer chain (Pn•) and 
RAFT CTA because of the weak bond present. This results in a temporarily dormant polymer 
chain and a new initiating radical (R•), which can then add to a monomer forming a new 
propagating species (Pm•)160. A series of addition-fragmentation steps then produce an 
equilibrium between Pn•, RAFT CTA and Pm• via the path of an intermediate radical (Scheme 
1.2115). It is this equilibrium between the growing chains that produces polymers with low molar 
mass dispersity while the ratio of monomer to RAFT CTA allows for control over the molar 
mass of the final polymer synthesised161. More specifically, the ratio of monomer to RAFT CTA 
depicts the number of polymer chains formed which is directly related to the molar mass of 
the final product. 
 
Figure 1.2. Generic RAFT CTA structure showing the positions of the reactive double bond, 
stabilising group, weak single bond and leaving group. 
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Additionally, specific functionality can be introduced through the design of the RAFT CTA 
molecule. The desired function is often introduced so that the product can act as a 
macroCTA161162 (a polymer with specific end group functionality) in a further reaction to create 
unique materials with particular compositions, architectures and properties. The ratio of RAFT 
CTA to initiator is an important factor when targeting a product which includes the end 
functionality of the RAFT CTA molecule. This ratio influences the functionality at both the α 
and ω polymer chain ends163. At the α chain end, there is a competition between initiator and 
RAFT CTA-derived chains99. However, at the ω chain end, this contest is between RAFT CTA-
terminated chain ends, capable of further reaction, and dormant chains that have 
terminated164.  
RAFT CTA compounds are selected due to their chain transfer constants165. The chain transfer 
constant is a measure of the reactivity of a CTA and is calculated from the ratio of the chain 
transfer and propagation rate coefficients of a particular polymerisation reaction144. The chain 
transfer constant can be tuned via the design of the RAFT CTA molecule through the choice 
of Z and R group (Figure 1.2)164,166. The Z group modifies the addition-fragmentation rate within 
the polymerisation by stabilising the dormant radical species while the R group is designed to 
be a good radical leaving group capable of reinitiating polymerisation164,167. Some of the most 
widely studied RAFT CTAs are dithioesters168,169, dithiocarbamates170, trithiocarbonates171 and 
xanthates172 (Figure 1.3) which contain carbon, nitrogen, sulfur or oxygen functionalities in the 
Z group position, respectively.  
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Figure 1.3. Structures of commonly used CTAs in RAFT polymerisation including; dithioesters, 
dithiocarbamates, trithiocarbonates and xanthates. 
Whilst these RAFT CTAs are widely used in controlled radical polymerisations they are not 
without their disadvantages. These compounds can be difficult to synthesise, which results in 
increased cost173. RAFT CTAs, and in some cases the reagents required to synthesise them, 
are often not readily available to purchase and any residual RAFT CTA left in the final polymer 
can be highly toxic174. This hinders their potential to be used in the production of polymeric 
biomaterials, which, as previously discussed, is an ever-growing component of the polymer 
industry.  
Another class of reagent that has effective chain transfer capabilities are certain halogenated 
compounds159. When compared with traditional RAFT agents, many halogenated compounds 
have the advantage of being readily available and inexpensive; reducing the need to 
synthesise these compounds. In addition, halogenated compounds have been used 
throughout the polymer industry as monomers, solvents and, in ATRP, as initiators175 
suggesting that they are versatile reagents. Even with the discussed versatility, the use of 
halogenated compounds to mediate polymerisation in the published literature is limited. 
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1.5 Halogenated compounds 
Halogenated compounds are molecules that contain one or more of the group VII elements 
namely; fluorine, chlorine, bromine or iodine (N.B. astatine will not be discussed because of 
the negligible experimental data available due to its radioactive nature176).  
1.5.1 Halogens in controlled radical polymerisation 
An additional method of controlled radical polymerisation not yet mentioned is (reversible) 
iodine transfer polymerisation [(R)ITP]; whereby molecules that contain iodine are used as 
CTAs. Like RAFT, ITP and RITP offer the opportunity to control the molar mass and molar 
mass dispersity of the polymer produced whilst also providing desired chain end functionality. 
This can lead to the synthesis of polymers with specific compositions and architectures177, 
including the generation of amphiphilic (having both hydrophilic and hydrophobic 
components178) copolymers that are of growing interest. ITP and RITP have successfully been 
employed in the polymerisation reactions of many monomers, including styrene179, 
acrylates180, vinyl acetate181, fluorinated monomers (tetrafluoroethylene, butyl α-fluoroacrylate, 
vinyldiene fluoride, hexafluoropropene)182 and chlorinated monomers (vinyl chloride and 
vinylidene chloride)183 184. 
Similarly to RAFT, ITP proceeds via initiation, chain transfer, propagation and chain 
equilibration  steps (Scheme 1.7185). The propagating radical, Pn•, is generated in the same 
manner as with conventional free radical polymerisation. The iodine-containing chain transfer 
agent then reacts with the propagating radical to form a polymeric chain transfer agent and a 
newly liberated radical. The radical (R•) then reacts with a monomer molecule in a reinitiation 
step whereby a new propagating radical, Pm•, is formed. Continued propagation occurs 
through repetition of this process; transferring the iodine molecule between the active and 
dormant polymer chains. Termination can occur between polymer chain end radicals by the 
same mechanisms described in conventional free radical polymerisation, producing ‘dead’ 
polymer chains. 
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Scheme 1.7. ITP reaction mechanism showing a) initiation, b) chain transfer, c) reinitiation, d) 
chain equilibrium and e) termination. Modified from Boyer et al.185. 
The iodine chain transfer agents explored in the literature are derivatives of alkyl iodides 
including; methyl-2-iodopropionate177, ethyl iodoacetate186, ethyl 2-iodopropionate183 and 
iodoform187. As one of the simplest alkyl iodides, iodoform has been explored in more detail in 
ITP reactions188. 
The difference between ITP and RITP is that RITP generates the iodine-containing transfer 
agent in situ (in the reaction mixture) through the use of molecular iodine (Scheme 1.8173). 
Molecular iodine reacts with the generated radicals to form initiator or polymer molecules with 
reversibly capped iodo chain ends that are capable of reversible chain transfer.189 RITP, first 
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published in 2010,173 is a emergent technique as it removes the need to synthesise and store 
the iodine CTA. This reduces cost and waste as many of the iodine CTAs used in ITP require 
specific storage conditions as a result of the instability of the molecules190. 
 
Scheme 1.8. RITP mechanism to show how the chain transfer agents can be generated in situ 
using molecular iodine. Modified from Patra et al.173. 
In a similar way, bromine-iodine transformation reversible-deactivation radical polymerisation 
(BIT-RDRP), an emerging technique that was first described in 2017191,192, also generates the 
alkyl iodine reagent in situ in the polymerisation system. However, in this case an alkyl bromide 
(commonly those used as ATRP initiators) undergoes a reaction with sodium iodide to form 
an alkyl iodide capable of reversibly capping the polymer chain end191–194 (Scheme 1.9).  
 
Scheme 1.9. In situ generation of alkyl iodide species in BIT-RDRP. 
ITP, RITP and BIT-RDRP all highlight the more recent focus on using halogenated compounds 
in radical polymerisation techniques. 
1.5.2 Halogens as leaving groups 
The main reason for alkyl halides and their related compounds being of interest for their 
potential in chain transfer reactions is due to the carbon-halogen bond dissociation enthalpies 
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as seen in Table 1.1195. This property renders halogens as good leaving groups. Additionally, 
the halide radical stability increases in the following order F• < Cl• < Br• < I• due to the 
corresponding decrease in electronegativity of the atoms as group VII is descended195. The 
mean bond dissociation enthalpy of a carbon-iodine bond is the weakest of those described 
in Table 1.1, suggesting why ITP was a successful polymerisation route for study. However, 
typical carbon-chlorine and carbon-bromine bond dissociation enthalpies are also relatively 
weak; especially when compared to a carbon-hydrogen bond. This suggests that molecules 
containing carbon-chlorine and carbon-bromine bonds could also be tailored for 
polymerisation reactions, similar to the aforementioned RAFT CTAs (Section 1.4.5). On the 
other hand, carbon-fluorine bonds are stronger than carbon-hydrogen bonds (see Table 1.1) 
and will not be discussed further regarding potential chain transfer capabilities. 
An additional benefit of using halogenated compounds (where the halogen is chlorine, 
bromine or iodine) is the fact that carbon-halogen bonds are known to be reversible; after 
initially reacting with a polymer radical, they can be cleaved from the polymer chain end to 
reproduce reactive radicals capable of reinitiating polymerisation reactions196. This is an ideal 
property in the synthesis of macro-initiators for block copolymer production; where a macro-
initiator is a polymer that contains a functional group capable of initiating polymerisation197.  
Table 1.1. Summary of mean bond enthalpies for various C-X bonds where X is a carbon, 
hydrogen or halogen atom. Modified from Burrows et al.195. 
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1.5.3 Other uses of halogens in polymerisation reactions 
As previously mentioned, alkyl halides are popularly employed as initiators in ATRP 
reactions174,198, with some also being able to act as a CTA; such as the aforementioned 
iodoform. In addition to this, both carbon tetrachloride and carbon tetrabromide have been 
utilised as CTAs in controlled radical polymerisations199,200. Flory states that both molecules 
have a greater susceptibility to act as CTAs in comparison to a variety of alkyl halides 
investigated. This is evidenced through the experimentally determined chain transfer 
constants of these compounds for the polymerisation of styrene, as seen in Table 1.2201. 
Flory201 showed that carbon tetrabromide demonstrates the largest chain transfer constant of 
the compounds investigated in this study. In addition, iodoform has been utilised in ITP and 
chloroform, although used most frequently as a solvent, has demonstrated chain transfer 
capabilities (Table 1.2201). Therefore, a logical suggestion for another useful halogenated 
compound, with potentially useful chain transfer capabilities, is bromoform. Advantages of 
using bromoform in the synthesis of block copolymers are discussed in section 1.5.4. 
Table 1.2. Summary of the chain transfer constants of halogenated substances investigated 
in the polymerisation of styrene. Modified from Flory201. 
Chain transfer agent 
Experimentally determined chain transfer constants  
(C
s
 ×  𝟏𝟎𝟒) 
At 60 °C At 100 °C 
carbon tetrachloride 90 180 
carbon tetrabromide 13600 23500 
tetrachloroethane - 18 
ethylene dichloride 0.32 - 
ethylene dibromide - 6.6 
chloroform 0.5 - 
methylene chloride 0.15 - 
n-butyl chloride 0.04 0.37 
n-butyl bromide 0.06 0.35 
n-butyl iodide 1.85 5.5 
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1.5.4 Bromoform 
1.5.4.1 Properties 
As previously discussed, bromoform has been alluded to as a useful molecule to be exploited 
for potential chain transfer capabilities, valuable in radical polymerisation reactions. 
Bromoform itself contains desired reversibly cleavable C-Br bonds. Of particular interest is 
that the C-Br bonds in bromoform are known to undergo photodissociation upon exposure to 
UV light (photodissociation of bromoform has been discussed at 193202, 234203, 248204, 266205, 
267203 and between 266-324206 nm); primarily (but not wholly) into Br2HC• and Br• radicals. 
This could therefore be potentially useful for producing bromine-terminated polymers (referred 
to from this point forward as macro-initiators) that can be used in further reactions to form 
block copolymers. The other potential dissociation pathway of bromoform is hydrogen transfer 
whereby the hydrogen atom in bromoform is involved in a transfer reaction with a polymer 
which would inevitably result in the formation of dead polymer chains. The likelihood of 
bromine transfer occurring is dependent on two factors; the bond stability of C-Br versus C-H 
and the radical stability of Br2HC• versus Br3C• (where Br3C• is the radical that would form 
should hydrogen transfer occur)204. As previously mentioned, the C-Br bond is weaker than 
the C-H bond (see Table 1.2) in bromoform, therefore the dissociation would favour Br over H 
transfer based on bond strength alone. However, H transfer could still be present due to the 
higher stability of Br3C• over Br2HC•. It is therefore reasonable to assume that both Br and H 
transfer will occur in a competitive manner; as discussed later (see Section 1.5.4.2). 
Somewhat more importantly for the synthesis of biomedical materials, bromoform is partially 
water soluble; 3.0 g/L at 20 °C2,3, 3.0 g/L at 25 °C3,4 and 3.2 g/L at 30 °C2,3. This opens the 
pathway for block copolymer synthesis in aqueous media. This has multiple benefits, not only 
for the synthesis of polymers that could be used in the body but also for the environmental 
impact; as water can replace the use of toxic organic solvents. Additionally, using water 
instead of organic solvents results in reduced costs for the overall process. However, it should 
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be noted that bromoform itself is acutely toxic2 and any unreacted bromoform should be 
appropriately removed from any products before use. 
Finally, when compared to available RAFT CTAs, bromoform is a more cost-effective 
alternative that could be used in the synthesis of block copolymers. This has been 
demonstrated in the success of iodoform, molecular iodine and alkyl bromides in the 
aforementioned ITP, RITP and BIT-RDRP reactions. Whilst iodoform has successfully 
demonstrated chain transfer capabilities it has not been considered for the study discussed 
herein due to its extremely limited water solubility; 0.12g/L at 25 °C3.  
1.5.4.2 Previous studies 
Bromine-based transfer agents have been discussed in a small number of polymerisation 
reactions within the literature, dating back to the 1950s207–209. The initial work of Dunn et al.209 
discusses the use of bromotrichloromethane and carbon tetrabromide (Figure 1.4) in the 
preparation of poly(styrene)-block-poly(methyl methacrylate) [PS-b-PMMA] copolymers.  
 
Figure 1.4. Chemical structures of bromotrichloromethane (left) and carbon tetrabromide 
(right). 
Claims were made that a starting block of polystyrene (PS) with a terminal C-Br bond (a PS 
macro-initiator) was synthesised and used in a secondary reaction to produce the PS-b-PMMA 
copolymer. Both UV and thermal conditions were investigated to determine the effect of the 
brominated compounds on the rate of homopolymerisation of PS and ability to synthesise PS-
b-PMMA. However, this is claimed only to have been investigated to 10% monomer 
conversion. Additionally, potential competing side reactions resulting in the formation of 
branched polymers, as well as block copolymers, are discussed. Whilst this investigation, for 
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its time, presented promising results, the discussion and conclusions drawn were limited by 
the available analytical techniques of the 1950s. Carbon tetrabromide has been further 
explored for its chain transfer capabilities and is known to have a high chain transfer constant 
in free radical polymerisations210. However, the pertinent limitation of carbon tetrabromide for 
the work herein is its restricted water solubility (0.24 g/L at 30 °C3); resulting in reactions that 
would have to be conducted in more harmful organic solvents. 
Based on the work of Dunn et al., Miller investigated graft207 and block208 polymers using 
acrylamide, acrylonitrile and acrylic acid monomers. In the graft polymerisation route, Miller 
reported the photopolymerisation of acrylamide and acrylonitrile in the presence of α-
chloroacrylonitrile for the purpose of synthesising a homopolymer with a labile C-Cl bond. 
Expanding on this, Miller reported the block copolymer synthesis of acrylonitrile and acrylic 
acid with acrylamide. Monobromoethane, dibromomethane and bromoform were investigated 
for their chain transfer capabilities, again, using photopolymerisation. Additionally, random 
copolymers of these monomer combinations were also synthesised to compare the properties 
with the block copolymers. It was concluded that monobromoethane and dibromomethane 
either did not show, or took extended periods of time to reveal, Br atom removal. In contrast, 
bromoform did present chain transfer capabilities; particularly when acrylamide was added as 
the second block. However, it is unclear from this work whether bromoform is behaving as a 
photoinitiator in the initial homopolymerisations of the acrylonitrile and acrylic acid. In each 
case, only bromoform and monomer (and in some cases a solvent) were added to the system 
before being subjected to UV irradiation. Another dispute in this work is that the precipitation 
methods for isolating the block copolymers appeared to yield the same block ratio no matter 
what the initial target ratio was, which is most likely due to fractionation in the precipitation 
stage. The intrinsic viscosity and softening points of the block and random copolymers were 
compared during this study to values for mixtures of the two homopolymers. Like the work of 
Dunn et al., this study is limited by the access and availability of analytical techniques of that 
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time. Today, there is a broader range of conventional analytical techniques that can be 
exploited to better determine the success of block copolymer synthesis.  
In 1983, a patent by Wu et al.211 reported the use of this bromoform-assisted copolymerisation 
technique in the formation of 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and 
acrylamide block copolymers for use in oil recovery from water. However, there is little 
discussion or clarity on the role of bromoform as a photoinitiator or chain transfer agent, and 
the process is only a minor part of the overall discussion. 
More recently, Thananukul et al.212 reported the use of bromoform in the synthesis of 
polyacrylamide (PAM) homopolymer. In this investigation, the focus was on determining the 
role of bromoform; its ability to behave as a photoinitiator or chain transfer agent and the effect 
of bromoform concentration on the rate of reaction. In this work, UV radiation was used to 
dissociate bromoform and 4,4-azobiscyanovaleric acid (ACPA) photoinitiator. Additionally, 
control reactions were conducted with no ACPA present. The findings of this work concluded 
that under the described conditions, bromoform does not behave as a photoinitiator during the 
homopolymerisation; contradictory to some of the previous findings with other monomer 
systems that have been discussed. Multiple concentrations of bromoform were investigated 
and it was concluded that bromoform presents chain transfer capabilities without having a 
significant effect on the overall rate of the reaction. Instead, the existence of chain transfer is 
claimed due to the observed molar mass regulation of PAM at different bromoform 
concentrations (as measured by viscometry). It is implied from this research that although 
hydrogen transfer from bromoform to the polymer chain can occur it is likely that bromine 
transfer is more prevalent. Therefore, the possibility exists to use this method in the synthesis 
of block copolymers. 
Whilst literature reports concerning bromoform, and its chain transfer ability, are limited, the 
foundation of this work appears promising. The work herein significantly advances this 
research, with the aim of aqueous-based block copolymer synthesis. 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 51 
1.6 Initiators 
A high proportion of the literature evaluated in this report has focused on the use of 
conventional redox213,214 (a reduction-oxidation system used to generate radicals215,216) and 
thermal initiators, such as 2,2’-azobis(isobutyronitrile) (AIBN148), within the various 
polymerisation techniques43,96,100,187. However, the system discussed herein describes 
photopolymerisation and utilises a photoinitiator, namely ACPA. As aforementioned, Miller207 
suggested that bromoform itself can behave as a photoinitiator; as no other form of initiator 
are used in his series of reactions yet homopolymer and apparent block copolymer are formed. 
This is contradicted by the findings of Thananukul et al212 whereby homopolymerisation of 
acrylamide does not proceed without photoinitiator (ACPA) being present in the system. 
Therefore, as part of this investigation, whilst employing bromoform for the purpose of 
synthesising block copolymers, it is of interest to further evidence whether bromoform also 
has initiating capabilities.  
ACPA has been selected as the photoinitiator for this investigation to enable direct comparison 
with the work of Thananukul et al.212. Additionally, ACPA has been successfully employed as 
a photoinitiator in controlled radical polymerisations with a wide variety of monomers; 
including, but not limited to, acrylamides212, acrylates217, methacrylates218, styrenes119,177, 
acrylic acids219 and fluorinated220 structures. ACPA breaks down under UV irradiation (at 
approximately 350 nm221) to form two radicals capable of initiating polymerisation (see 
Scheme 1.10). Crucial to this research, ACPA is water soluble and allows for aqueous-based 
polymerisation reactions to be conducted. 
 
Scheme 1.10. Mechanism showing the formation of two initiating radicals and nitrogen from 
ACPA using UV irradiation. 
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As previously mentioned, acrylamide monomers have been investigated in controlled radical 
polymerisation reactions involving UV initiators in water212,222. Together with the broad scope 
of literature discussing the synthesis of acrylamide-based polymers with thermal223 224 225 and 
redox226 initiators this indicates that acrylamide monomers are a versatile class of reagents to 
study under these relatively unexplored conditions. Additionally, acrylamide monomers have 
been utilised in block copolymer synthesis for a range of applications including; poly(2-
methoxyethylacrylate-co-dimethylacrylamide), poly(2-methoxyethylacrylate-co-acrylamide)227 
and polyacrylamide-grafted dextran polymer hydrogels (water swollen polymer networks) in 
targeted drug delivery228 and crosslinked polyacrylamide/collagen networks as wound 
dressings229. 
1.7 Monomers 
As previously mentioned, acrylamide-based monomers are considered versatile reagents in 
the synthesis of polymeric materials. Acrylamides (Figure 1.5230) and their associated 
polymers are hydrophilic as they are able to interact with water molecules via hydrogen 
bonding231,232. This is a distinct trait of many polymeric hydrogels which have been used in the 
biomedical industry to produce useful products such as contact lenses, wound dressings and 
tissue engineering scaffolds233. Additionally, acrylamide monomers are known for their high 
initial rates of propagation (kp)234–236 which results in a series of reactions that can achieve 
high monomer conversions in a reasonable timeframe. For these reasons, acrylamides have 
been chosen as exemplar monomers to study the scope, potential and limitations of 
bromoform-assisted free-radical polymerisations. 
 
Figure 1.5. General structure of acrylamide monomers showing the vinyl (CH2CH-), carbonyl 
(C=O) and nitrogen (NR2) functionalities. 
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N-Isopropylacrylamide (NIPAM) is of growing interest in the biomedical polymer industry, 
predominantly regarding the synthesis of block copolymers containing poly(N-
isopropylacrylamide) [PNIPAM] (Figure 1.6237). A variety of synthetic routes for PNIPAM have 
been discussed in the literature including, but not being limited to, ATRP238,239, NMP240,241, 
RAFT238,242,243 and RITP244. Various copolymers incorporating NIPAM have been synthesised 
using, for example, ethylene glycol245,246, methacrylic acid246, ε-caprolactone245, ethylene 
oxide247,248, 2-(dimethylamino)ethyl methacrylate249 and styrene250. 
The key property of PNIPAM, of interest in biomedical applications, is its well-known reversible 
tuneable thermo-responsivity close to body temperature251,252. PNIPAM exhibits a lower critical 
solution temperature (LCST) whereby its properties change so that it becomes hydrophobic 
above 32 °C1. This transition is known to be sensitive, reversible and reproducible and is driven 
by the rearrangement of water molecules around the isopropyl group253. Below the LCST the 
water molecules are physically bound to the hydrophilic amide groups and arranged in such a 
way that they form a shield around the hydrophobic groups throughout the polymer254. This 
shield is often referred to as a hydrophobic hydration shell and is enthalpically favoured (whilst 
being entropically disfavoured) due to the water molecules forming stronger and longer-lived 
hydrogen bonds in this arrangement compared to the bulk255–258.  
 
Figure 1.6. Chemical structures of N-isopropylacrylamide (left) and poly(N-
isopropylacrylamide) (right); where n represents the number of repeat units of NIPAM within 
the polymer chain.  
All of the reagents, described so far in this study, including; bromoform, ACPA and NIPAM, 
are soluble in water. Consequently, incorporating a hydrophobic comonomer would cause 
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constraints; resulting in an organic solvent being needed for the synthesis259 unless emulsion 
conditions are used260–262. Therefore, in this study, a comonomer that incorporates hydrophilic 
character has been selected; more specifically N,N-dimethylacrylamide (DMA) (see Figure 
1.7). Similarly to NIPAM, DMA has been investigated thoroughly with regards to controlled 
polymerisation methods. DMA is known to be versatile to both synthetic route and comonomer 
compatibility; with examples in the literature including ATRP263,264, NMP265 and RAFT129 
copolymerisation of DMA with methyl methacrylate266–268, styrene269, butadiene269, ethylene 
oxide263, 2-hydroxyethyl methacrylate270, acrylic acid268 and cellulose264. Additionally, DMA 
has successfully been incorporated into materials for use in cleaning of waste water271, shape 
memory hydrogels272, medicinal diagnostics273 and pharmaceutical265 applications, to name a 
few. Finally, DMA is known to be suitable for use in photoinitiated polymerisation 
reactions274,275. This information suggests that DMA exhibits the required properties to be 
incorporated into the aqueous-based bromoform-assisted block copolymer synthesis route, 
explored in this investigation, to produce commercially-relevant materials.  
 
Figure 1.7. Chemical structures of N,N-dimethylacrylamide (left) and poly(N,N-
dimethylacrylamide) [PDMA] (right); where n represents the number of repeat units of DMA in 
the polymer chain. 
1.8 Block copolymers 
1.8.1 Block sequence 
Whilst controlled radical polymerisation methods have been praised for their suitability in the 
synthesis of designer polymers they are not without their inadequacies. Apparent in the 
literature is the discussion over the importance of monomer sequence in block copolymer 
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formation, particularly in RAFT. In simpler terms, the formation of block copolymers is a 
sequential process and the order in which the blocks are formed is important. The dependency 
of which block should be synthesised first is heavily reliant on the following factors; (1) the 
intermediate radical stability of the macroradical (or macro-CTA), (2) the relative radical 
leaving group ability and (3) the reactivity of the macroradical species towards the sequential 
monomer276 (cross propagation174).  
The fragmentation of the macroradical species favours the better leaving group164. For the 
described monomers leaving group ability decreases in the following order: methacrylates ∼ 
methacrylamides >> styrenics ∼ acrylates ∼ acrylamides ∼ N-vinylheteroaromatics > vinyl 
amides > vinyl esters277. This has been further evidenced in the formation of poly(methyl 
methacrylate)-block-poly(styrene) copolymers, as styrenics are poorer leaving groups than 
methacrylates and so poly(methyl methacrylate) (PMMA) must be synthesised first169,278. 
Regarding the NIPAM and DMA block copolymers studied herein it is therefore useful to 
identify which monomer would form the more stable intermediate radical, provide the better 
leaving group and be more reactive. However, there is little available information in the 
literature. It is suggested that DMA is the more reactive monomer (in aqueous systems), 
therefore provides the better leaving group and would likely form the more stable intermediate 
radical279. Structurally, the key difference between DMA and NIPAM is that DMA is a tertiary 
amide whereas NIPAM is a secondary amide. When looking at the statistical copolymerisation 
of NIPAM and DMA, experimentally determined reactivity ratios, the preference of a chain end 
radical to react with monomer 1 (continuing homopolymerisation) or monomer 2 (forming a 
copolymer280) of the monomers is a prudent place to start. It was concluded that NIPAM has 
a reactivity ratio of 0.838 whereas DMA has a reactivity ratio of 1.105; this means that DMA 
will prefer to homopolymerise first before cross propagating with NIPAM suggesting gradient 
or block copolymers would be formed281. Whilst this information is appropriate for a statistical 
copolymer synthetic route, it could also be applicable to block copolymer synthesis. If radicals 
capable of initiating new polymer chains are present, during the addition of the second 
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monomer (as seen in RAFT115), this could produce a mixture of homopolymers rather than a 
block copolymer if the sequence of addition is not appropriate. For example, if DMA is added 
as the second block its preference to homopolymerise over cross propagation could result in 
PDMA homopolymers being formed over the desired block copolymers. On the other hand if 
the NIPAM is added in the second step its reactivity ratio suggests it will cross propagate with 
the PDMA macro-initiator resulting in block copolymers being successfully formed. However, 
this is not definitive evidence and does not eliminate the use of a PNIPAM macro-initiator for 
successful block copolymer syntheses. It could, however, relate to the overall reaction times 
or conditions required to successfully incorporate DMA as the second block in the copolymer; 
due to the implied lower reactivity of the PNIPAM macro-initiator. This is further backed up in 
the previous NIPAM and DMA block copolymer studies that have been conducted; where 
either a mono or difunctional DMA macroinitiator is used as the first block279. 
Limitations of reactivity ratio data are currently debated with many arguments for and against 
their reliability. Many sources state that temperature, pressure and solvent have little to no 
effect on the determined reactivity ratios282. In contrast, other sources have determined that 
parameters such as solvent can result in changes of the reactivity ratios283. Additionally, 
experimental and analytical difficulties, estimation procedures and variability in mathematical 
models used to determine reactivity ratios makes it difficult to use these values as anything 
more than a relative estimation276. The reactivity ratios discussed for NIPAM and DMA 
presently are based on a RAFT copolymerisation study, using thermal initiator AIBN, a CTA 
and DMF as the solvent281, different to the conditions investigated herein.  
1.8.2 Photoiniferter polymerisation 
To overcome monomer sequence selectivity, observed in controlled radical polymerisation 
methods (particularly RAFT) as discussed in Section 1.8.1, a concept known as initiator-
transfer agent-terminator or ‘iniferter’ polymerisation has been employed149. Similarly to RAFT 
CTAs, iniferters are molecules that produce chain end functionalities capable of being 
reinitiated for the synthesis of polymers with varied architectures such as; block, star, graft 
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and crosslinked materials. The key difference to traditional RAFT polymerisation is that the 
iniferter behaves simultaneously as an initiator, transfer agent and terminator whereas in 
RAFT, a separate initiator is required. 
Of interest to this research is photoiniferter polymerisation, which exploits the 
photodissociation of weak A-B bonds. Interestingly, key RAFT agents with thiocarbonylthio 
groups such as trithiocarbonate284,285, dithiocarbamate149,277,286 and xanthate277 structures, 
have been utilised as photoiniferters due to the C-S bond present being susceptible to 
dissociation upon UV irradiation. This is not dissimilar to the process discussed herein utilising 
the photodissociation of the C-Br bond in bromoform as a transfer agent. The added benefit 
of using traditional RAFT agents as photoiniferters is that the radicals produced, upon 
reinitiation by exposure to light, still allow for control over the reaction via degenerative chain 
transfer and reversible deactivation mechanisms286. This method of radical formation avoids 
generating low molar mass radicals that would usually occur from the free radical initiators 
traditionally used in RAFT. Eliminating these low molar mass radicals further prevents 
termination reactions by radical coupling.164 
Further investigations have determined that monomer sequence in block copolymer formation 
can be inverted, during photoiniferter polymerisation, to produce polymers of reverse block 
order than those traditionally favoured in other RDRP techniques.  This is due to the photolysis 
of C-S bonds forming leaving group radicals that are not produced by the traditional RAFT 
mechanism46,285,287,288. The photodissociation of the thiocarbonylthio function at the polymer 
chain end allows for efficient reinitiation of the species towards a usually unfavourable block 
sequence. This has successfully been observed for the formation of DMA and methyl 
methacrylate block copolymers. Typically, methyl methacrylate presents the better leaving 
group and it has been observed that in DMA copolymerisation PMMA should be synthesised 
as the first block producing the subsequent macro-CTA. The PMMA macro-CTA is the more 
stable radical former compared to the PDMA macro-CTA and goes on to produce poly(methyl 
methacrylate)-block-poly(N,N-dimethylacrylamide) copolymers sufficiently using RAFT. In the 
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case of PDMA macro-CTAs produced via RAFT, only a mixture of homopolymers or extremely 
slow chain extension of the PDMA macro-CTA with comonomer, at high conversion, can be 
achieved. However, utilising the photoiniferter method, successful inversion of the monomer 
sequence can be achieved; resulting more easily in the formation of poly(N,N-
dimethylacrylamide)-block-poly(methyl methacrylate) from a variety of thiocarbonylthio 
iniferters277. 
The literature discussed in this section has exposed the issue of the selectivity towards the 
sequence of monomer addition in controlled radical polymerisations. It has highlighted the fact 
that whilst reactivity ratios (discussed in Section 1.8.1) are available in the literature, there is 
little agreement on how the reaction conditions (such as temperature, solvent and pressure) 
affect them276,279,281–283. Furthermore, reactivity ratios are more widely studied regarding the 
formation of statistical copolymers as opposed to block copolymers. Existing literature leans 
towards the synthesis of NIPAM and DMA block copolymers using PDMA as the more 
favoured first block and consequent macro-initiator. The interest in photoiniferter 
polymerisation stems from the fact that bromoform is being investigated for its potential chain 
transfer ability under UV conditions in this study. This is an identical property found in 
photoiniferter polymerisation as the CTAs and consequent macro-CTAs previously discussed 
can dissociate using UV light to synthesise block copolymers irrespective of the monomer 
order selectivity. Hence, there is the possibility that by using bromoform, and its 
photodissociation, block copolymers can be formed regardless of the sequence in which the 
monomer is added.  
1.9 Aims 
Polymers are globally recognised as versatile materials used in a wide variety of applications 
from the formation of plastics to drug delivery systems. The polymer industry is becoming 
increasingly focused on research that enables the design of, and ability to fine-tune, polymer 
structures to have specific properties for targeted use. Advances in controlled radical 
polymerisation techniques have led to the synthesis of polymers with controllable molar 
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masses and dispersities as well as desirable chain compositions, functionalities and 
architectures. This is particularly useful for the synthesis of commercially-relevant block 
copolymers. 
The overarching objective of this research is to develop a new, inexpensive, industrially viable 
polymerisation technique to synthesise block copolymers. This is achieved using bromoform 
as an inexpensive reagent to mediate chain growth and chain end functionality. To achieve 
this, the scope and limitations of a bromoform-assisted technique must be investigated before 
potentially useful materials can be produced. Contradictory reports in the literature imply that 
bromoform can behave as both an initiator and a chain transfer agent in 
polymerisations.207,208,212 Therefore, investigation is required to further comment on the role of 
bromoform in these reactions; specifically to this project the homo- and co- polymerisations of 
N-isopropylacrylamide and N,N-dimethylacrylamide. These monomers have been chosen as 
exemplars due to their solubility in aqueous media and utility in a range of applications. One 
advantage of this method is the highly desirable partial water miscibility of bromoform; 
resulting in polymers that can be prepared in aqueous media. This removes the need for toxic 
or harmful organic solvents in the synthesis and is key to the development of greener block 
copolymer synthetic routes. Additionally, the reagents used in this investigation (including 
ACPA photoinitiator) are stable, inexpensive, commercially available and, importantly, contain 
no metal or sulfur. Moreover, the water soluble monomers N-isopropylacrylamide and N,N-
dimethylacrylamide have already been used for the production of commercially-relevant 
materials. Therefore, this study demonstrates the potential for a simple, inexpensive route to 
functional block copolymers.  
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To summarise, the aims of this PhD project are: 
• To determine a viable synthetic route to produce block copolymers via bromoform-
assisted free radical polymerisation.  
• To understand the scope and limitations of this new technique in the synthesis of 
macro-initiators and amphiphilic block copolymers. 
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2.1 Materials 
4,4-Azobiscyanovaleric acid (ACPA, ≥ 98 %), bromoform (CHBr3, 96 % stabilised with 
ethanol), N-isopropylacrylamide (NIPAM, 97 %) and N,N-dimethylacrylamide (DMA, 99 %) 
were purchased from Sigma Aldrich and used without further purification. Chloroform-d 
(CDCl3, 99 %) and deuterium oxide (D2O, 99.9 %) were purchased from Goss Scientific and 
used as supplied. Diethyl ether (DEE, laboratory reagent grade), dimethyl formamide (DMF, 
high performance liquid chromatography (HPLC)-grade and laboratory reagent grade), 
methanol (MeOH, laboratory reagent grade), tetrahydrofuran (THF, laboratory reagent grade) 
and water (H2O, HPLC-grade) were purchased from Fisher Scientific and used as supplied.  
2.2 UV source 
The ultraviolet (UV) light source was a Philips Solarium Model MD 1-15 lamp comprising four 
parallel 15 W fluorescent tubes that emitted UV light in the 315-400 nm wavelength range. 
The vertical distance between the UV light source and the surface of the solution was fixed at 
10 cm.  
2.3 Experimental Methods 
2.3.1 Bromoform-assisted polymerisation of N,N-dimethylacrylamide 
 
Scheme 2.1. Synthesis of poly(N,N-dimethylacrylamide) via bromoform-assisted 
polymerisation. 
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2.3.1.1 Bromoform-assisted synthesis of poly(N,N-dimethylacrylamide) [PDMA] in 
water 
N,N-Dimethylacrylamide was polymerised via free radical photopolymerisation in deionised 
water using varying bromoform concentration (0.0, 0.5, 1.0 and 2.0 mol % with respect to N,N-
dimethylacrylamide).  
A typical experimental setup was as follows: A 50 mL round-bottomed flask was charged with 
0.0565 g ACPA (2.02 × 10-4 mol; 1.0 mol % relative to N,N-dimethylacrylamide monomer) and 
HPLC-grade water (25 mL) and stirred with heating (55 °C) for 1 hour to ensure full dissolution. 
After cooling to room temperature, bromoform (CHBr3; 4.04 × 10-4 mol; 2.0 mol % relative to 
N,N-dimethylacrylamide monomer) and 2.00 g DMA monomer (0.0202 mol) was added to the 
reaction flask which was then sealed with a rubber septum and parafilm. The clear solution 
was degassed via vacuum and nitrogen cycles over a period of 15 minutes before being 
placed into an ice bath for 20 minutes. The reaction flask and ice bath were then placed in an 
aluminium cabinet with magnetic stirring and irradiated with UV light from above for 60 
minutes.  An increase in solution viscosity was observed over the course of the reaction. For 
kinetic studies, 0.1 mL of the reaction solution was removed periodically prior to analysis via 
gel permeation chromatography (GPC) and 1H nuclear magnetic resonance (NMR) 
spectroscopy. The resulting PDMA was isolated by removing the water via lyophilisation and 
redissolving in methanol before dropwise precipitation into a five-fold excess of chilled diethyl 
ether. The supernatant was decanted and the PDMA was then washed with the same solvent. 
The homopolymer precipitate was then dried in a vacuum oven to remove excess solvent (175 
mbar, 40 °C) until constant weight was achieved to produce the final white solid.  
The reaction, using 2 mol% bromoform, was also scaled up to 20 g (DMA monomer) to 
synthesise the starting block for both the one-pot and two-step synthesis of PDMA-b-PNIPAM. 
In this case the reaction was irradiated with UV light for a period of 2 hours and 45 minutes to 
achieve monomer conversion of ≥ 91 % as determined by 1H NMR (See Chapter 3). 
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Poly(N,N-dimethylacrylamide) 0 mol % bromoform: 
Mn = 246.7 kg mol-1 Ð = 3.4 1H NMR (300 MHz, D2O, δ in ppm) 1.53 (br, 2H), 2.52 (br, 1H), 
2.81 (br, 6H) 
Poly(N,N-dimethylacrylamide) 0.5 mol % bromoform: 
Mn = 294.8 kg mol-1 Ð = 2.8 1H NMR (300 MHz, D2O, δ in ppm) 1.53 (br, 2H), 2.51 (br, 1H), 
2.81 (br, 6H) 
Poly(N,N-dimethylacrylamide) 1.0 mol % bromoform: 
Mn = 271.2 kg mol-1 Ð = 2.8 1H NMR (300 MHz, D2O, δ in ppm) 1.53 (br, 2H), 2.52 (br, 1H), 
2.81 (br, 6H) 
Poly(N,N-dimethylacrylamide) 2.0 mol % bromoform: 
Mn = 242.3 kg mol-1 Ð = 3.5 1H NMR (300 MHz, D2O, δ in ppm) 1.54 (br, 2H), 2.51 (br, 1H), 
2.81 (br, 6H) 
 
2.3.1.2 Bromoform-assisted synthesis of poly(N,N-dimethylacrylamide) in DMF 
N,N-Dimethylacrylamide was polymerised via radical photopolymerisation in DMF using 
varying bromoform concentration (0.0, 0.5, 1.0 and 2.0 mol % with respect to N,N-
dimethylacrylamide).  
A typical experimental setup was as follows: A 50 mL round-bottomed flask was charged with 
0.0565 g ACPA (2.02 × 10-4 mol; 1.0 mol % relative to N,N-dimethylacrylamide monomer), 
bromoform (CHBr3; 4.04 × 10-4 mol; 2.0 mol % relative to N,N-dimethylacrylamide monomer), 
2.00 g DMA monomer (0.0202 mol) and DMF (25 mL) before being sealed with a rubber 
septum and parafilm. The clear solution was degassed via vacuum and nitrogen cycles over 
a period of 15 minutes before being placed into an ice bath for 20 minutes. The reaction flask 
and ice bath were then placed in an aluminium cabinet with magnetic stirring and irradiated 
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with UV light from above for 6 hours. The ice bath was replenished every 2 hours. For kinetic 
studies, 0.1 mL of the reaction solution was removed periodically prior to analysis via GPC 
and 1H NMR spectroscopy. The resulting PDMA was isolated by concentrating the DMF 
solution before dropwise precipitation into a five-fold excess of chilled diethyl ether. The 
supernatant was then decanted and the PDMA was then washed with the same solvent. The 
homopolymer precipitate was then dried in a vacuum oven to remove excess solvent (40 mbar, 
40 °C) until constant weight was achieved to produce the final white solid.  
Poly(N,N-dimethylacrylamide) 0 mol % bromoform: 
Mn = 22.3 kg mol-1 Ð = 2.9 1H NMR (300 MHz, CDCl3, δ in ppm) 1.69 (br, 2H), 2.66 (br, 1H), 
2.92 (br, 6H) 
Poly(N,N-dimethylacrylamide) 0.5 mol % bromoform: 
Mn = 23.1 kg mol-1 Ð = 2.7 1H NMR (300 MHz, CDCl3, δ in ppm) 1.68 (br, 2H), 2.44 (br, 1H), 
2.96 (br, 6H) 
Poly(N,N-dimethylacrylamide) 1.0 mol % bromoform: 
Mn = 22.6 kg mol-1 Ð = 2.8 1H NMR (300 MHz, CDCl3, δ in ppm) 1.68 (br, 2H), 2.71 (br, 1H), 
2.95 (br, 6H) 
Poly(N,N-dimethylacrylamide) 2.0 mol % bromoform: 
Mn = 22.2 kg mol-1 Ð = 2.7 1H NMR (300 MHz, CDCl3, δ in ppm) 1.69 (br, 2H), 2.62 (br, 1H), 
2.96 (br, 6H) 
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2.3.2 Bromoform-assisted polymerisation of N-isopropylacrylamide 
 
Scheme 2.2. Synthesis of poly(N-isopropylacrylamide) via bromoform-assisted 
polymerisation. 
2.3.2.1 Bromoform-assisted synthesis of poly(N-isopropylacrylamide) [PNIPAM] in 
water 
N-Isopropylacrylamide was polymerised via radical photopolymerisation in deionised water 
using varying bromoform concentration (0.0, 0.5, 1.0 and 2.0 mol % with respect to N-
isopropylacrylamide).  
A typical experimental setup was as follows: A 50 mL round-bottomed flask was charged with 
0.0496 g ACPA (1.77 × 10-4 mol; 1.0 mol % relative to N-isopropylacrylamide monomer) and 
HPLC-grade water (25 mL) and stirred with heating (55 °C) for 1 hour to ensure full dissolution. 
After cooling to room temperature, bromoform (CHBr3; 3.53 × 10-4 mol; 2.0 mol % relative to 
N-isopropylacrylamide monomer) and 2.00 g NIPAM monomer (0.0177 mol) was added to the 
reaction flask which was then sealed with a rubber septum and parafilm. The clear solution 
was degassed via vacuum and nitrogen cycles over a period of 15 minutes before being 
placed into an ice bath for 20 minutes. The reaction flask and ice bath was then placed in an 
aluminium cabinet with magnetic stirring and irradiated with UV light from above for 30 
minutes.  An increase in solution viscosity was observed over the course of the reaction. For 
kinetic studies, 0.1 mL of the reaction solution was removed periodically prior to analysis via 
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GPC and 1H NMR spectroscopy. The resulting PNIPAM was isolated by dropwise precipitation 
into a five-fold excess of warm (40 °C) HPLC-grade water. The supernatant was then decanted 
and the PNIPAM was then washed with the same solvent. Residual water was then removed 
using lyophilisation until constant weight was achieved to produce the final white solid. 
Poly(N-isopropylacrylamide) 0 mol % bromoform: 
Mn = 521.1 kg mol-1 Ð = 2.4 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.45 (br, 2H), 
1.88 (br, 1H), 3.76 (br, 1H) 
Poly(N-isopropylacrylamide) 0.5 mol % bromoform: 
Mn = 532.6 kg mol-1 Ð = 2.2 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.46 (br, 2H), 
1.88 (br, 1H), 3.76 (br, 1H) 
Poly(N-isopropylacrylamide) 1.0 mol % bromoform: 
Mn = 535.2 kg mol-1 Ð = 2.2 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.46 (br, 2H), 
1.89 (br, 1H), 3.76 (br, 1H) 
Poly(N-isopropylacrylamide) 2.0 mol % bromoform: 
Mn = 530.2 kg mol-1 Ð = 2.2 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.45 (br, 2H), 
1.89 (br, 1H), 3.78 (br, 1H) 
2.3.2.2 Bromoform-assisted synthesis of poly(N-isopropylacrylamide) in DMF 
N-Isopropylacrylamide was polymerised via radical photopolymerisation in DMF using varying 
bromoform concentration (0.0, 0.5, 1.0 and 2.0 mol % with respect to N-isopropylacrylamide).  
A typical experimental setup was as follows: A 50 mL round-bottomed flask was charged with 
0.0496 g ACPA (1.77 × 10-4 mol; 1.0 mol % relative to N-isopropylacrylamide monomer) 
bromoform (CHBr3; 3.53 × 10-4 mol; 2.0 mol % relative to N-isopropylacrylamide monomer), 
2.00 g NIPAM monomer (0.0177 mol) and DMF (25 mL) before being sealed with a rubber 
septum and parafilm. The clear solution was degassed via vacuum and nitrogen cycles over 
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a period of 15 minutes before being placed into an ice bath for 20 minutes. The reaction flask 
and ice bath was then placed in an aluminium cabinet with magnetic stirring and irradiated 
with UV light from above for 6 hours. The ice bath was replenished every 2 hours. For kinetic 
studies, 0.1 mL of the reaction solution was removed periodically prior to analysis via GPC 
and 1H NMR spectroscopy. The resulting PNIPAM was isolated by dropwise precipitation into 
a five-fold excess of warm (40 °C) HPLC-grade water. The supernatant was then decanted 
and the PNIPAM was then washed with the same solvent.  The homopolymer precipitate was 
then dried in a vacuum oven to remove residual DMF solvent (40 mbar, 40 °C) and residual 
water was then removed using lyophilisation until constant weight was achieved to produce 
the final white solid. 
Poly(N-isopropylacrylamide) 0 mol % bromoform: 
Mn = 27.2 kg mol-1 Ð = 2.2 1H NMR (300 MHz, CDCl3, δ in ppm) 1.18 (br, 6H), 1.61 (br, 2H), 
2.20 (br, 1H), 4.04 (br, 1H) 
Poly(N-isopropylacrylamide) 0.5 mol % bromoform: 
Mn = 26.3 kg mol-1 Ð = 2.2 1H NMR (300 MHz, CDCl3, δ in ppm) 1.17 (br, 6H), 1.67 (br, 2H), 
2.18 (br, 1H), 4.04 (br, 1H) 
Poly(N-isopropylacrylamide) 1.0 mol % bromoform: 
Mn = 25.7 kg mol-1 Ð = 2.2 1H NMR (300 MHz, CDCl3, δ in ppm) 1.18 (br, 6H), 1.60 (br, 2H), 
1.96 (br, 1H), 4.04 (br, 1H) 
Poly(N-isopropylacrylamide) 2.0 mol % bromoform: 
Mn = 23.8 kg mol-1 Ð = 2.3 1H NMR (300 MHz, CDCl3, δ in ppm) 1.17 (br, 6H), 1.67 (br, 2H), 
2.22 (br, 1H), 4.03 (br, 1H) 
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2.3.3 Synthesis of amphiphilic poly(N,N-dimethylacrylamide)-block-poly(N-
isopropylacrylamide) via bromoform-assisted polymerisation  
 
Scheme 2.3. Synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) 
via bromoform-assisted polymerisation using poly(N,N-dimethylacrylamide) as a macro-
initiator. 
2.3.3.1 One-pot synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-
isopropylacrylamide) 
The synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-b-
PNIPAM) was conducted using a PDMA macro-initiator (synthesised using 2.0 mol % 
bromoform and 1.0 mol% ACPA). The portion of the crude PDMA solution was determined 
based on conversion data to ensure 1 g of the PDMA macro-initiator would be available for 
the copolymerisation reaction. Using the example where the final conversion was ≥ 99.9 % 
the procedure was as follows: A 50 mL round-bottomed flask was charged with PDMA macro-
initiator (1.00 g; 0.0101 mol; 12.5 mL of the crude solution from the bulk polymerisation), 
NIPAM monomer (at 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80 and 10:90 molar 
ratios of DMA:NIPAM) and HPLC-grade water (12.5 mL). The clear solution was sealed using 
a rubber septum and parafilm and degassed via vacuum and nitrogen cycles over a period of 
15 minutes before being placed into an ice bath for 20 minutes. Finally, the reaction flask and 
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ice bath were placed in an aluminium cabinet with magnetic stirring and irradiated with UV 
light for 120 minutes. 
The water was removed via lyophilisation, then the copolymer was dissolved in the minimum 
amount of THF prior to dropwise precipitation into five-fold excess of chilled diethyl ether. 
Residual solvent was removed in vacuo before redissolution in HPLC-grade water. Finally, the 




Mn = 145.3 kg mol-1 Ð = 4.2 1H NMR (300 MHz, D2O, δ in ppm) 1.04 (br, 6H), 1.23-1.51 (br, 
4H), 2.50 (br, 2H), 2.79-3.01 (br, 6H), 3.75 (br, 1H) 
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)230 (PDMA1450-b-
PNIPAM230)  
Mn = 148.1 kg mol-1 Ð = 4.3 1H NMR (300 MHz, D2O, δ in ppm) 1.04 (br, 6H), 1.26-1.52 (br, 
4H), 2.51 (br, 2H), 2.80-3.00 (br, 6H), 3.74 (br, 1H) 
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)550 (PDMA1450-b-
PNIPAM550) 
Mn = 145.9 kg mol-1 Ð = 3.4 1H NMR (300 MHz, D2O, δ in ppm) 1.01 (br, 6H), 1.29-1.56 (br, 
4H), 2.49 (br, 2H), 2.80-3.00 (br, 6H), 3.76 (br, 1H) 
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)860 (PDMA1450-b-
PNIPAM860) 
Mn = 184.4 kg mol-1 Ð = 4.0 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.28-1.51 (br, 
4H), 1.88 (br, 1H), 2.51 (br, 2H), 2.80-3.01 (br, 6H), 3.77 (br, 1H)  
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Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)1360 (PDMA1450-b-
PNIPAM1360) 
Mn = 186.3 kg mol-1 Ð = 5.0 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.25-1.50 (br, 
4H), 1.88 (br, 1H), 2.49 (br, 2H), 2.80-3.01 (br, 6H), 3.78 (br, 1H)  
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)1960 (PDMA1450-b-
PNIPAM1960) 
Mn = 259.1 kg mol-1 Ð = 5.3 1H NMR (300 MHz, D2O, δ in ppm) 1.03 (br, 6H), 1.28-1.52 (br, 
4H), 1.90 (br, 1H), 2.51 (br, 2H), 2.80-3.01 (br, 6H), 3.77 (br, 1H) 
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)3240 (PDMA1450-b-
PNIPAM3240) 
Mn = 233.2 kg mol-1 Ð = 6.4 1H NMR (300 MHz, D2O, δ in ppm) 1.01 (br, 6H), 1.28-1.52 (br, 
4H), 1.88 (br, 1H), 2.50 (br, 2H), 2.80-3.00 (br, 6H), 3.77 (br, 1H) 
Poly(N,N-dimethylacrylamide)1450-block-poly(N-isopropylacrylamide)5220 (PDMA1450-b-
PNIPAM5220) 
Mn = 216.2 kg mol-1 Ð = 8.4 1H NMR (300 MHz, D2O, δ in ppm) 1.03 (br, 6H), 1.30-1.59 (br, 
4H), 1.89 (br, 1H), 2.50 (br, 2H), 2.81-3.02 (br, 6H), 3.79 (br, 1H) 
Poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM) 
Target molar ratio = 10:90 
Deemed unsuccessful due to insolubility of NIPAM monomer at this ratio under the described 
conditions. 
2.3.3.2 Two-step synthesis of PDMA-b-PNIPAM 
The synthesis of PDMA-b-PNIPAM was conducted using a PDMA macro-initiator (synthesised 
using 2.0 mol % bromoform and 1.0 mol% ACPA, and purified as described previously) as 
follows: A 50 mL round-bottomed flask was charged with precipitated PDMA macro-initiator 
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(1.00 g; 0.0101 mol), NIPAM monomer (at 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 
20:80 and 10:90 molar ratios of DMA:NIPAM) and HPLC-grade water (25 mL). The clear 
solution was sealed using a rubber septum and parafilm and degassed via vacuum and 
nitrogen cycles over a period of 15 minutes before being placed into an ice bath for 20 minutes. 
Finally, the reaction flask and ice bath was placed in an aluminium cabinet with magnetic 
stirring and irradiated with UV light for 120 minutes.  
The water was removed via lyophilisation, before the copolymer was dissolved in the minimum 
amount of THF prior to dropwise precipitation into five-fold excess of chilled diethyl ether. 
Residual solvent was removed in vacuo before redissolution in HPLC-grade water. Finally, the 
water was removed via lyophilisation until constant weight was achieved to produce the final 
white solid. These experiments were completed using bromine-terminated poly(N,N-
dimethylacrylamide) [PDMA-Br] macro-initiators synthesised to 91 and 70 % conversion. 
2.3.3.2.1 Two-step synthesis using PDMA macro-initiator synthesised to 91 % conversion 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)110 (PDMA1500-b-
PNIPAM110) 
Mn = 163.6 kg mol-1 Ð = 3.4 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.25-1.50 (br, 
4H), 1.89 (br, 1H), 2.50 (br, 2H), 2.80-3.01 (br, 6H), 3.77 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)270 (PDMA1500-b-
PNIPAM270) 
Mn = 165.8 kg mol-1 Ð = 3.4 1H NMR (300 MHz, D2O, δ in ppm) 1.03 (br, 6H), 1.26-1.52 (br, 
4H), 1.90 (br, 1H), 2.52 (br, 2H), 2.81-3.02 (br, 6H), 3.79 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)420 (PDMA1500-b-
PNIPAM420) 
Mn = 196.3 kg mol-1 Ð = 3.2 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.25-1.51 (br, 
4H), 1.88 (br, 1H), 2.51 (br, 2H), 2.80-3.01 (br, 6H), 3.78 (br, 1H) 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 73 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)750 (PDMA1500-b-
PNIPAM750) 
Mn = 164.4 kg mol-1 Ð = 5.3 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.25-1.50 (br, 
4H), 1.88 (br, 1H), 2.50 (br, 2H), 2.80-3.01 (br, 6H), 3.77 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)1310 (PDMA1500-b-
PNIPAM1310) 
Mn = 264.8 kg mol-1 Ð = 4.1 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.26-1.50 (br, 
4H), 1.89 (br, 1H), 2.51 (br, 2H), 2.80-3.01 (br, 6H), 3.78 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)2050 (PDMA1500-b-
PNIPAM2050) 
Mn = 392.6 kg mol-1 Ð = 4.1 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.27-1.48 (br, 
4H), 1.88 (br, 1H), 2.50 (br, 2H), 2.80-3.01 (br, 6H), 3.78 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)3330 (PDMA1500-b-
PNIPAM3330) 
Mn = 463.6 kg mol-1 Ð = 3.9 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.29-1.47 (br, 
4H), 1.90 (br, 1H), 2.52 (br, 2H), 2.80-3.01 (br, 6H), 3.77 (br, 1H) 
Poly(N,N-dimethylacrylamide)1500-block-poly(N-isopropylacrylamide)5100 (PDMA1500-b-
PNIPAM5100) 
Mn = 603.7 kg mol-1 Ð = 3.4 1H NMR (300 MHz, D2O, δ in ppm) 1.02 (br, 6H), 1.29-1.47 (br, 
4H), 1.88 (br, 1H), 2.50 (br, 2H), 2.80-3.01 (br, 6H), 3.78 (br, 1H) 
Poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM)  
Target molar ratio = 10:90 
Deemed unsuccessful due to insolubility of NIPAM monomer at this ratio under the described 
conditions. 
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2.3.3.2.2 Two-step synthesis using PDMA macro-initiator synthesised to 70 % conversion 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)300 (PDMA3280-b-
PNIPAM300) 
Mn = 259.1 kg mol-1 Ð = 3.3 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.31-1.57 (br, 
4H), 1.95 (br, 1H), 2.55 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)720 (PDMA3280-b-
PNIPAM720) 
Mn = 272.2 kg mol-1 Ð = 3.1 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.30-1.56 (br, 
4H), 1.94 (br, 1H), 2.56 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)1180 (PDMA3280-b-
PNIPAM1180) 
Mn = 301.5 kg mol-1 Ð = 3.1 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.31-1.55 (br, 
4H), 1.93 (br, 1H), 2.56 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)1950 (PDMA3280-b-
PNIPAM1950) 
Mn = 255.2 kg mol-1 Ð = 4.2 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.30-1.55 (br, 
4H), 1.94 (br, 1H), 2.55 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)3120 (PDMA3280-b-
PNIPAM3120) 
Mn = 369.1 kg mol-1 Ð = 3.5 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.32-1.54 (br, 
4H), 1.94 (br, 1H), 2.56 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)4430 (PDMA3280-b-
PNIPAM4430) 
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Mn = 325.8 kg mol-1 Ð = 5.1 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.33-1.52 (br, 
4H), 1.94 (br, 1H), 2.56 (br, 2H), 2.85-3.06 (br, 6H), 3.83 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)7040 (PDMA3280-b-
PNIPAM7040) 
Mn = 409.2 kg mol-1 Ð = 4.4 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.33-1.52 (br, 
4H), 1.94 (br, 1H), 2.56 (br, 2H), 2.85-3.06 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)3280-block-poly(N-isopropylacrylamide)12,600 (PDMA3280-b-
PNIPAM12,600) 
Mn = 464.6 kg mol-1 Ð = 4.4 1H NMR (300 MHz, D2O, δ in ppm) 1.07 (br, 6H), 1.29-1.51 (br, 
4H), 1.94 (br, 1H), 2.56 (br, 2H), 2.85-3.05 (br, 6H), 3.82 (br, 1H) 
Poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) (PDMA-b-PNIPAM)  
Target molar ratio = 10:90 
Deemed unsuccessful due to insolubility of NIPAM monomer at this ratio under the described 
conditions. 
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2.4 Characterisation Methods 
This section describes the methods used to characterise the materials synthesised.  
2.4.1 1H Nuclear Magnetic Resonance Spectroscopy  
1H Nuclear Magnetic Resonance (NMR) spectroscopy was used to confirm the chemical 
structure of the samples along with monitoring the percentage monomer conversion with time 
during the kinetic studies of the homopolymerisation reactions (vide infra). Samples were 
prepared in deuterium oxide (D2O) or chloroform-d (CDCl3) to approximately 10 % (w/v) and 
spectra were recorded on a 300 MHz Bruker Avance spectrophotometer. Chemical shifts (δ, 
ppm) stated are referenced relative to the chemical shift of the residual solvent (H2O or CHCl3) 
resonances.  
2.4.1.1 Calculating monomer conversion 
As aforementioned, the percentage conversion of monomer to polymer during the course of 
the polymerisation was monitored using 1H NMR spectroscopy. Specifically, peaks present for 
the monomer and polymer were compared to one another. 
For the synthesis of PDMA in HPLC-grade water, the integrals of the vinylic monomer protons 
(present at 5.6, 6.0 and 6.6 ppm) and the polymer methyl protons (present at 2.9 ppm) were 
used along with Equation 2.1 to determine the overall conversion. Figure 2.1 shows the 






6(1 − x) + 6x
 Equation 2.1. 
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Figure 2.1. 1H NMR spectra (in D2O) showing the progress of the DMA polymerisation through 
the disappearance of the monomer vinylic groups (5.6, 6.0 and 6.6 ppm) and the broadening 
of the polymer methyl groups (2.9 ppm) from PDMA. 
For the bromoform-assisted synthesis of PDMA in DMF the integral of the methyl group 
protons (as seen in Figure 2.1) could not be used to calculate the conversion. This was due 
to the overlap of the DMF methyl group protons at 2.88 and 2.96 ppm289 (Figure 2.2). Instead 
the integral of the vinyl monomer protons present at 1.24 and 1.55 ppm (Figure 2.2) were used 
alongside Equation 2.2. 
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Figure 2.2. 1H NMR spectra (in CDCl3) showing the progress of the DMA polymerisation 
through the disappearance of the monomer vinylic groups (5.6, 6.0 and 6.6 ppm) and the 
broadening of the polymer vinyl peaks (1.24 and 1.55 ppm) from PDMA. Also highlighting the 










Finally, for the synthesis of PNIPAM in both HPLC-grade water and DMF, the integrals of the 
vinylic monomer protons (present at 5.6 and 6.1 ppm) and the polymer methyl protons (present 
at 1.0 ppm) were used along with Equation 2.1 to determine the overall monomer conversion. 
Figure 2.3 shows the spectra collected for a typical kinetic study for the synthesis of PNIPAM 
in this research. 
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Figure 2.3. 1H NMR spectra (in D2O) showing the progress of the NIPAM polymerisation (in 
HPLC-grade water) through the disappearance of the monomer vinylic groups (5.6 and 6.1 
ppm) and the broadening of the polymer methyl groups (1.0 ppm) from PNIPAM. 
 
2.4.2 Gel Permeation Chromatography  
Gel Permeation Chromatography (GPC), also referred to as Size Exclusion Chromatography 
(SEC) was used to determine the molar mass (Mn) and dispersity (Mw/Mn, Ð) for the homo- 
and co- polymers. GPC of PDMA and PNIPAM homopolymers (both at varied bromoform 
content), PDMA macro-initiator and the PDMA-b-PNIPAM copolymers were performed at 40 
°C using an Agilent Infinity II multi-detector GPC comprising two PL gel Mixed-C columns and 
a guard column. The eluent solution consisted of HPLC-grade DMF containing 0.10% w/v 
lithium bromide (LiBr) and the flow rate was set to 1.0 mL min-1. Calibrations were 
generated using near monodispersed poly(methyl methacrylate) standards (Mp range 
= 550 to 2,210,000 g mol-1) and experimental data were analysed using Agilent 
GPC/SEC software (Version A.02.01). 
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2.4.3 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) was used to study the thermal behaviour of the 
synthesised materials; particularly the shifts and/or changes between the glass transition 
temperatures (Tg) of the homopolymers and resulting copolymers.  
DSC measurements were performed using a Metller Toledo DSC 1 system and STARe 
software (Version 12.0) for analysis. PNIPAM homopolymer samples were exposed to three 
cycles (heating, cooling and heating) between -20 and 250 °C. PDMA homopolymers samples 
were exposed to three cycles (heating, cooling and heating) between 0 and 150 °C. Finally, 
PDMA-b-PNIPAM copolymers were exposed to three cycles (heating, cooling and heating) 
between 0 and 200 °C. 
2.4.4 Thermal Gravimetric Analysis 
Thermal Gravimetric Analysis (TGA) was also used to study the thermal behaviour of the 
synthesised materials, focusing on the degradation patterns of the products by monitoring 
change in mass with increasing temperature. TGA was performed using a Pyris 1 
thermogravimetric analyser under nitrogen atmosphere (flow rate 30 ml min-1). All samples 
were heated from 100-600 °C at a heating rate of 10 °C per minute. 
2.4.5 Dynamic Light Scattering 
Dynamic Light Scattering (DLS) was employed to determine the lower critical solution 
temperature (LCST) of the PNIPAM homopolymers and all PDMA-b-PNIPAM copolymers. 
Specifically, the size (Z-average) of the polymer and copolymer samples (prepared in HPLC-
grade H2O) were measured as a function of temperature, specifically between 25 - 50 with 
measurements at every 1 °C interval. DLS measurements were performed using a Malvern 
Zetasizer Nano ZS instrument. Z-average was measured for each sample at a solution 
concentration of 1 mg/mL in HPLC-grade water. Each sample was analysed three times at 
each temperature with the software determining the most appropriate number of scans (12 - 
16) for each run. DLS was used to highlight the differences between the homopolymer and 
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block copolymers in terms of their observed size; due to self-assembly upon reaching the 
LCST. The instrument is verified monthly using an aqueous polystyrene latex (Z-average 290 
±10 nm) verification standard.  
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3.1 Homopolymerisation of N,N-dimethylacrylamide 
This chapter describes the synthesis of poly(N,N-dimethylacrylamide) [PDMA] via bromoform-
assisted polymerisation (Scheme 3.1). Multiple investigations were undertaken to determine 
the most appropriate synthetic route to a PDMA macro-initiator for use in further 
polymerisation reactions; to form block copolymers. As demonstrated in Scheme 3.1, due to 
the primary dissociation pathway of bromoform, it is predicted that the polymerisations will 
produce PDMA with a reversibly capped bromine chain end. 
 
Scheme 3.1. Synthesis of PDMA via bromoform-assisted polymerisation at varied bromoform 
concentrations. 
The main part of this study focuses on the synthesis of PDMA with varied bromoform content 
to provide insight into the role of increasing bromoform concentration on the overall 
polymerisation and determine the optimum route to synthesis a PDMA macro-initiator for 
future block copolymer synthesis. Moreover, these reactions were conducted in both high 
performance liquid chromatography (HPLC)-grade water and dimethylformamide (DMF) to 
determine the effect of solvent on the production of PDMA using this bromoform-assisted 
synthetic route. In addition to this research, two supplementary studies were conducted; an 
investigation in the absence of photoinitiator [namely 4,4-azobiscyanovaleric acid (ACPA)], 
and a study to determine the role of oxygen in the polymerisation system. The investigation in 
the absence of ACPA was designed to highlight the potential of bromoform to behave as a 
photoinitiator as implied in the earlier work of Miller208, Dunn et al.209 and Wu et al.211 (during 
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the polymerisation of acrylonitrile and acrylic acid, styrene and methyl methacrylate, and 
acrylic acid and 2-acrylamido-2-methylpropanesulfonic acid (AMPS), respectively), in addition 
to its potential chain transfer agent (CTA) capabilities (as suggested by Thananukul et al.212). 
The final investigation, whereby oxygen was not removed from the reaction flask, was used to 
further develop the synthetic methodology; determining whether there was a need for a 
degassing stage for the reaction to be successful under the described conditions. 
3.2 Development of the N,N-dimethylacrylamide polymerisation 
procedure 
As discussed in Chapter 2, the UV light source used throughout this work was a Philips 
Solarium Model MD 1-15 lamp comprising four parallel 15 W fluorescent tubes that emitted 
UV light in the 315-400 nm wavelength range290. The UV lamp was placed face down on the 
opening of a metal box to irradiate the reaction mixture from above (Figure 3.1).  
 
Figure 3.1. UV lamp and metal box set up showing UV irradiation from above. (a) Side view 
and (b) front facing. 
Borosilicate round-bottomed flasks were used as the reaction vessel for all investigations and 
are known to significantly transmit UV light (> 200 nm291). The reaction vessel was equipped 
with a magnetic stirrer bar and placed on a magnetic stirring plate (set to 500 revolutions per 
minute) at a fixed distance (10 cm) from the UV lamp (Figure 3.2). ACPA was selected as a 
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suitable photoinitiator as it is known to photo-dissociate in the region of 200-402 nm292,293, 
which is ideal for both the lamp and borosilicate glass used in this study. 
Trial reactions conducted identified that the heat produced from the UV light source and the 
reaction were significant enough to increase the reaction temperature from 25 °C up to 45 °C 
(after 2 hours of UV irradiation). Therefore, an ice bath was introduced to provide temperature 
control throughout the course of the reaction (Figure 3.2).  
 
Figure 3.2. Birds eye view of the stirrer plate, ice bath and reaction vessel for a typical 
polymerisation. 
The ice did not cover the top of the vessel to allow sufficient UV irradiation from above. The 
reaction solution was stirred in the ice bath for 20 minutes to allow a homogenous solution to 
be formed and the temperature to stabilise. A temperature versus time study of the reaction 
solution concluded that the temperature increased by a maximum of 4.9 °C over a 60 minute 
period of UV irradiation (Figure 3.3). The initial increase in temperature, observed in Figure 
3.3, is attributed to the highly exothermic nature of the polymerisation during the early stages 
of propagation. After which, as the rate of reaction slows down, the ice bath is able to cool and 
maintain the temperature of the solution ≤ 4.3 °C. Overall, the ice bath provided control over 
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the temperature of the solution, significantly reducing potential thermal effects on the 
dissociation of ACPA or bromoform and the overall rate of the polymerisation. 





















Figure 3.3. Temperature versus time plot for the trial synthesis of PDMA using an ice bath to 
provide temperature control. 
3.3 Bromoform-assisted synthesis of poly(N,N-dimethylacrylamide) in 
HPLC-grade water 
The focus of this research was to successfully synthesise block copolymers from macro-
initiators containing a labile C-Br bond; formed from the use of bromoform in the 
homopolymerisation reaction. Therefore, a detailed study was required that focused on the 
synthesis of the macro-initiator. This section describes the synthesis of PDMA macro-
initiators, formed at varied bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative to 
monomer) and fixed ACPA concentration [1.0 mol% with respect to N,N-dimethylacrylamide 
(DMA)] in water. Experiments were conducted in an ice bath to provide control over the 
temperature of the system during the UV irradiation. In all cases, experiments were repeated 
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in triplicate to eliminate potential anomalies within the data and highlight patterns and 
processes that were occurring. The effect of the addition of bromoform on the DMA 
homopolymerisation was studied by monitoring monomer conversion and number-average 
molar mass (Mn) using 1H nuclear magnetic resonance (NMR) spectroscopy (Figure 3.4 and 
Appendices 1 - 3) and gel permeation chromatography (GPC, using poly(methyl methacrylate) 
[PMMA] standards) (Figure 3.5), respectively. 
 
Figure 3.4. Exemplar 1H NMR kinetic overlay for the synthesis of PDMA in water at 2.0 mol % 
bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Figure 3.5. Kinetic GPC traces for the synthesis of PDMA in water at a) 0, b) 0.5, c) 1.0 and 
d) 2.0 mol % bromoform concentrations (relative to monomer). 
High monomer conversions (≥ 93 %) were achieved in each case, and the Mn of the resulting 
PDMA appears to increase upon addition of bromoform before then decreasing with 
increasing bromoform concentration present (see data summarised in Table 3.1). The 
resulting PDMA, in each case, was isolated by precipitation and dried in a vacuum oven until 
constant weight was achieved. Excess unreacted monomer was confirmed to be removed via 
1H NMR spectroscopy (Figure 3.6). The GPC traces of the purified PDMA (purification via 
precipitation), synthesised using each bromoform concentration, demonstrate good 
reproducibility between the results (Figure 3.7). 
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Table 3.1. Summary of final conversion, molar mass, molar mass dispersity and apparent rate 
constant data for the polymerisation of N,N-dimethylacrylamide at varied bromoform 














HJH027 0 97 246.7 3.4 0.14 
HJH028 0.5 95 294.8 2.8 0.12 
HJH029 1.0 93 271.2 2.8 0.13 
HJH030 2.0 96 242.3 3.5 0.12 
a. Relative to monomer  
b. Calculated using 1H NMR spectroscopy and Equation 2.2 
c. Determined using DMF GPC with PMMA standards 
 
 
Figure 3.6. Comparative 1H NMR spectra (in D2O) showing the disappearance of the monomer 
vinyl protons (5.7, 6.0 and 6.6 ppm) between crude and precipitated PDMA (2 mol % 
bromoform, relative to monomer). 
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Figure 3.7. GPC traces of PDMA final precipitates at a) 0, b) 0.5, c) 1.0 and d) 2.0 mol % 
bromoform (relative to monomer, synthesised in water) demonstrating good reproducibility 
between runs and e) near-identical GPC traces of the final precipitate at each bromoform 
concentration. 
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The final molar mass of each sample (see Table 3.1) appears to increase on addition of 0.5 
mol % bromoform, however, closer inspection of the broad GPC curves indicates that the 
molar mass profiles are near-identical in all cases (Figure 3.7). It should be noted that the 
molar mass profiles exceed the upper limit of the GPC calibration range, which will affect the 
Mn values obtained from seemingly identical broad curves. Therefore, it is reasonable to 
assume that bromoform is not behaving as a chain transfer agent under the described reaction 
conditions, as the molar mass would be expected to decrease when increasing the bromoform 
content. These observations disagree with those made in the previous work conducted by 
Thananukul et al.212, where it was demonstrated that bromoform exhibits successful chain 
transfer capabilities during the polymerisation of acrylamide, highlighted through the apparent 
regulation of molar mass with increasing bromoform content.  However, the system discussed 
herein differs to the Thananukul et al. study as an ice bath has been used to provide control 
over the temperature of the reaction. In the Thananukul et al. study, temperatures of up to 50 
°C are reported during the 60 minutes of UV irradiation that the reaction solutions are exposed 
to. Therefore significant thermal effects could be the reason that bromoform exhibited CTA 
capabilities in their work.   
Further analysis of the kinetic data collected (Table 3.1, Figure 3.8 and Figure 3.9) 
demonstrate little to no difference in polymerisation rate observed for all bromoform 
concentrations studied. This is similar to the work of Thananukul et al.212, where it was reported 
that the addition of bromoform to the polymerisation system did not significantly affect the rate 
of polymerisation. Additionally, the molar mass dispersity, Ð, of the final polymers was high 
(2.8 - 3.5), with no apparent relationship between molar mass dispersity and bromoform 
content. 
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Figure 3.8. Monomer conversion versus time for the synthesis of PDMA at varying bromoform 
concentrations in water. 
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Figure 3.9. Semi-logarithmic plot for the synthesis of PDMA at varying bromoform 
concentration in water. 
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The kinetic study shows that the PDMA molar mass decreases as the polymerisation proceeds 
at all bromoform concentrations (Figure 3.10). This is a typical observation in free radical 
polymerisations due to high initial rates of propagation leading to the formation of high molar 
mass chains, before the monomer concentration is reduced and thus shorter polymer chains 
are synthesised, resulting in a reduction in the average molar mass in the system294–296.  
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Figure 3.10. Molar mass versus conversion for the synthesis of PDMA at varying bromoform 
concentrations in water (error bars represent the standard deviation of the triplicate data). 
3.3.1 Thermal properties 
In preparation for the synthesis of block copolymers, the resulting PDMA was purified by 
precipitation and further characterised via differential scanning calorimetry (DSC) and thermal 
gravimetric analysis (TGA) to determine the glass transition temperature (Tg) and degradation 
profile, respectively. These results were then collated for later comparison to identify any 
changes between the properties of the homopolymers and any subsequent block copolymers 
that may be synthesised. 
For all samples, the Tg was determined to be between 110.0 - 114.5 °C (Figure 3.11 and Table 
3.2) which is within the expected range according to the literature (89 - 130 °C297–302). Finally, 
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the available literature data indicate that PDMA degrades between 350-450 °C302, via a one-
step degradation profile, forming volatile, small molecules. This is evidenced in Figure 3.12, 
which shows the degradation profile of PDMA at all bromoform concentrations. 
 
Figure 3.11. DSC thermograms (second heating cycle) for PDMA (synthesised in water) at 
varying bromoform concentration, highlighting the feature corresponding to the glass transition 
temperature for each sample. 
 
Table 3.2. Summary of the glass transition temperatures of PDMA (synthesised in water) at 




(mol %) a 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg 
(°C) 
HJH027 0 110 119 114.5 
HJH028 0.5 106 114 110.0 
HJH029 1.0 104 121 112.5 
HJH030 2.0 107 118 112.5 
a) Relative to monomer 
20 40 60 80 100 120 140
Temperature (°C)
 0 mol %
 0.5 mol %
 1.0 mol %
 2.0 mol %
ΔH endo ΔH exo 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 95 




















 0 mol %
 0.5 mol %
 1.0 mol %
 2.0 mol %
 
Figure 3.12. TGA degradation profiles for PDMA (synthesised in water) at varying bromoform 
concentration. 
In this study, PDMA has been successfully synthesised at varying bromoform concentration 
in water. These results suggest that there is no control over the molar mass of the PDMA 
produced with increasing bromoform content (from 0 - 2.0 mol % relative to monomer). 
Eliminating the role of bromoform as a CTA for the synthesis of PDMA under the described 
conditions. Additionally, the rate of the polymerisation is changed negligibly at each 
bromoform concentration, with no apparent trend observed. The molar mass dispersities in 
the final samples are relatively high, but there is good reproducibility observed for syntheses 
conducted at each bromoform concentration. 
3.4 Bromoform-assisted synthesis of poly(N,N-dimethylacrylamide) in 
DMF 
To further build on the work conducted in Section 3.3, another series of PDMA syntheses were 
conducted at varying bromoform concentration (0, 0.5, 1.0 and 2.0 mol % relative to monomer) 
and fixed ACPA concentration (1.0 mol % with respect to N,N-dimethylacrylamide); this time 
in DMF. To allow for direct comparison, ACPA concentration, volume of solvent, initial 
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concentration of monomer and initial temperature (use of ice bath) were identical to those 
used in the investigation described in Section 3.3. In all cases, experiments were repeated in 
triplicate. The effect of bromoform on the homopolymerisation was studied by monitoring 
monomer conversion and molar mass using 1H NMR spectroscopy (Figure 3.13 and 
Appendices 4 - 6) and GPC (Figure 3.14), respectively.  
 
Figure 3.13. Exemplar 1H NMR kinetic overlay for the synthesis of PDMA in DMF at 2.0 mol 
% bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Figure 3.14. Kinetic GPC traces for the synthesis of PDMA in DMF at a) 0, b) 0.5, c) 1.0 and 
d) 2.0 mol % bromoform concentrations (relative to monomer). 
Compared to the equivalent syntheses in water, lower final monomer conversions (≥ 77 %) 
were achieved in each case, even with extended UV exposure times (from 60 to 360 minutes). 
Similarly, the Mn of the resulting PDMA appeared to increase upon addition of bromoform 
before then decreasing with increasing bromoform concentration (see data summarised in 
Table 3.3). The resulting PDMA, in each case, was isolated by precipitation and dried in a 
vacuum oven until constant weight was achieved. Excess unreacted monomer was 
successfully removed after precipitation, as confirmed via 1H NMR spectroscopy (Figure 3.15). 
The peak at 0.8 ppm [labelled with an asterix (*)] in the precipitated PDMA is thought to be 
contributed to by the methyl groups of the ACPA initiator fragment at the α chain end, from the 
initiation step in the reaction. Upon further investigation of the PDMA samples produced in the 
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water studies, a similar peak was also identified (Figure 3.16). The intensity of this peak is 
reduced when compared to Figure 3.15 due to the significantly higher molar mass of the 
polymers produced in the water study. Finally, the GPC traces of the purified PDMA 
synthesised using each bromoform concentration demonstrate that there is good 
reproducibility between the results (Figure 3.17). 
 
Table 3.3. Summary of final conversion, molar mass, molar mass dispersity and apparent rate 
constant data for the polymerisation of N,N-dimethylacrylamide at varying bromoform 














HJH043 0 77 22.3 2.9 0.0046 
HJH044 0.5 80 23.1 2.7 0.0052 
HJH045 1.0 81 22.6 2.8 0.0056 
HJH046 2.0 83 22.2 2.7 0.0051 
a) Relative to monomer  
b) Calculated using 1H NMR spectroscopy and Equation 2.2 
c) Determined using DMF GPC with PMMA standards 
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Figure 3.15. Comparative 1H NMR spectra (in CDCl3) showing the disappearance of the 
monomer vinyl protons (5.7, 6.0 and 6.6 ppm) between crude and precipitated PDMA (2 mol 
% bromoform, relative to monomer). 
 
Figure 3.16. 1H NMR spectrum (in D2O) of PDMA synthesised in water highlighting the 
presence of a low intensity methyl group peak at approximately 1.0 ppm [labelled with an 
asterix (*)]. 
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Figure 3.17. GPC traces of PDMA final precipitates at a) 0, b) 0.5, c) 1.0 and d) 2.0 mol % 
bromoform (relative to monomer, synthesised in DMF) demonstrating good reproducibility 
between runs and e) near-identical GPC traces of the final precipitate at each bromoform 
concentration. 
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The final molar mass of each sample (see Table 3.1) appears to increase on addition of 0.5 
mol % bromoform, however, closer inspection of the broad GPC curves indicates that the 
molar mass profiles for the PDMA synthesised are near-identical in all cases (Figure 3.17). 
Therefore, it is reasonable to assume that bromoform is not behaving as a chain transfer agent 
in either the water or DMF studies, for the synthesis of PDMA under the conditions described. 
In the same way as the polymerisation studies in water, these observations disagree with the 
previous work conducted by Thananukul et al.212. In this case bromoform demonstrated 
successful chain transfer capabilities during the polymerisation of acrylamide; highlighted 
through the apparent regulation of molar mass with increasing bromoform content. However, 
as previously described the system discussed herein differs to the Thananukul et al. study as 
an ice bath has been used to provide control over the temperature of the reaction. In the 
Thananukul et al.212 study, temperatures of up to 50 °C are reported during the 60 minutes of 
UV irradiation that the reaction solutions are exposed to. Therefore, significant thermal effects 
could be the reason that bromoform exhibited CTA capabilities in their work.   
In the same way as the polymerisations in water, the kinetic studies in DMF (Table 3.3, Figure 
3.18 and Figure 3.19) show that bromoform has little influence over the apparent rate constant 
for each reaction, as they are near-identical in all cases. Moreover, the molar mass dispersity, 
Ð, of the final polymers remains high (2.7 - 2.9), with no suggested relationship between molar 
mass dispersity and bromoform content. Interestingly, this conversion data (determined from 
1H NMR and Equation 2.2) has identified the presence of an induction period of up to 60 
minutes during the DMF reactions (Figure 3.18); regardless of whether bromoform is present 
or not.  
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Figure 3.18. Monomer conversion versus time for the synthesis of PDMA at varying bromoform 
concentrations in DMF. 
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Figure 3.19. Semi-logarithmic plot for the synthesis of PDMA at varying bromoform 
concentration in DMF. 
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Figure 3.20 indicates that the molar mass of PDMA decreases as the polymerisation proceeds 
for all bromoform concentrations used. As previously discussed, this is a typical observation 
in free radical polymerisations294–296. In addition, the GPC data for the kinetic studies at 30 and 
60 minutes show traces at low retention times for all bromoform concentrations (Figure 3.14). 
This indicates that high molar mass chains have been formed early on in the reactions and 
the induction periods observed in Figure 3.18 are present due to the limitations of the 1H NMR 
spectra at low monomer conversions (≤ 10 %). 
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Figure 3.20. Mn versus monomer conversion for the synthesis of PDMA at varied bromoform 
concentrations in DMF (error bars represent the standard deviation of the triplicate data). 
Notably, the final molar masses seen in the DMF formulation (22.2 - 23.1 kg mol-1) were 
considerably lower than those achieved when using water as the solvent (242.3 - 294.8 kg 
mol-1), even with the considerably extended UV irradiation period (increased from 60 to 360 
minutes). Solvent effects on the rate of reaction and molar mass of radical polymerisations 
have been described in the literature. More specifically, solvent effects on the initiation stage 
has been described for acrylamide monomers; suggesting that more polar solvents accelerate 
the initiator decomposition which in turn triggers the propagation stage of the reaction. 
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Changes in the propagation rate (kp) have also been attributed to solvent effects due to 
hydrogen bonding273,303–307, electron interactions303,308 and the stability of the growing 
radical309. Less prominent solvent interactions originating from solvent size, monomer 
concentration and steric effects have shown less pronounced variations in kp310. Many studies 
have suggested that in more polar solvents (such as water) the rate of reaction is greater than 
in less polar solvents (such as DMF). A study specifically investigating the solvent effect on 
PDMA synthesis concluded that there is significant enhancement of the rate of reaction in 
water due to the increased reactivity of the monomer double bond. This is a result of hydrogen 
bonding present at the carbonyl group (on the amide) with water273 which has been described 
for a variety of monomers with amide groups306 including DMA307 and NIPAM304,305. This effect, 
whilst still present in many organic solvents, is significantly reduced and results in a decrease 
in the rate of reaction. Additionally, the effect of solvent on a thiol chain transfer agent was 
also discussed in this study; describing an appreciable difference in the final molar mass of 
the PDMA when moving from less polar (organic) to polar (water) solvents273,311. The CTA is 
less efficient in water and therefore provides less control over the final molar mass of the 
polymer produced.  
In the investigation described herein there is a clear solvent effect when moving from water to 
DMF. The shorter reaction time and faster rate of reaction observed, in water, is likely due to 
the increased reactivity of the monomer double bond due to the aforementioned hydrogen 
bonding at the carbonyl in the amide. With regards to the difference in the molar mass 
observed, this could be a result of a more significant interaction of bromoform with water, 
compared to DMF which ultimately results in less control during the reaction and polymers 
with greater molar masses being produced. Additionally, the lower final conversions achieved, 
in the DMF study, also contribute to the differences observed in the final molar masses. 
3.4.1 Thermal properties 
As previously described, in preparation for the synthesis of PDMA-b-PNIPAM the resulting 
PDMA samples were purified by precipitation and further characterised via DSC and TGA to 
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determine the glass transition temperature and degradation profile, respectively. These results 
were then collated for later comparison to identify any changes between the properties of the 
homopolymers and any subsequent block copolymers that may be synthesised. 
Like the polymerisations conducted in water, the Tg was determined to be within the known 
literature range (89 - 130 °C297–302); more specifically between 115.5 - 122.0 °C (Figure 3.21 
and Table 3.4). Additionally, the degradation profiles, shown in Figure 3.22, are also near-
identical to those produced in the water study; confirming that the samples degrade between 
350 and 450 °C302 as expected. 
 
 
Figure 3.21. DSC thermograms (second heating cycle) for PDMA (synthesised in DMF) at 
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Table 3.4. Summary of the glass transition temperatures of PDMA (synthesised in DMF) at 




(mol %) a 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg  
(°C) 
HJH043 0 112 119 115.5 
HJH044 0.5 119 125 122.0 
HJH045 1.0 115 123 119.0 
HJH046 2.0 118 125 121.5 
a) Relative to monomer 
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Figure 3.22. TGA degradation profile for PDMA (synthesised in DMF) at varying bromoform 
concentrations. 
The DMA homopolymerisations at varying bromoform concentration described in this section 
uncover an apparent solvent effect, when moving from water to DMF. The rate of reaction was 
significantly decreased when using DMF and the reaction time had to be increased, from 60 
to 360 minutes, in order to achieve significant monomer conversion (≥ 77 %). Additionally, a 
significant decrease in molar mass was observed, even with the extended UV irradiation. The 
final molar masses suggest that bromoform is not behaving as a CTA for the reactions 
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described herein; as the molar mass would be expected to decrease with increasing 
bromoform content. However, the final GPC traces are near-identical at all bromoform 
concentrations. 
3.5 Polymerisations conducted in the absence of photoinitiator (ACPA) 
As described in Sections 3.3 and 3.4, PDMA can be synthesised at varying bromoform 
concentrations when the photoinitiator ACPA is also present in the system. The next stage of 
this investigation was to determine whether bromoform itself could also behave as a 
photoinitiator under these conditions. In the previous work of Miller208, Dunn et al.209 and Wu 
et al.211 bromoform (amongst other similar bromine-containing compounds) is described as a 
photoinitiator. In the case of work described by Miller208, it is claimed that bromoform, 
dibromomethane and monobromomethane are all sources of Br• radicals, upon irradiation with 
UV light, that can successfully initiate the homopolymerisations of acrylonitrile and acrylic acid. 
However, in a control experiment, acrylonitrile was shown to self-polymerise in the absence 
of a known radical source. This calls into question the claim that bromoform initiated these 
reactions rather than simply a self-polymerisation reaction occurring. Additionally, there is no 
indication that the temperature of the reaction is controlled in these experiments. Miller states 
that the UV lamp used can heat the reaction solution to up to 50 °C (over a 3 hour period)208. 
Heat contributions from the UV lamp cannot be assumed to be negligible, and could provide 
enough energy for initiation to occur using the bromine radicals produced. Moving onto the 
work of Dunn et al.209, the Br• radicals are generated from bromotrichloromethane or carbon 
tetrabromide. In both cases, Dunn et al. claim that the Br• radicals are capable of initiating the 
polymerisation of styrene, when the only other reagents present are monomer and solvent. 
Additionally, a control reaction conducted in this study suggests that styrene will not self-
polymerise under the described conditions. Furthermore, Dunn et al. demonstrated that the 
rate of the reaction increases when the concentration of carbon tetrabromide is increased, 
providing further evidence that the bromine radicals are initiating this reaction. However, the 
temperature of the styrene polymerisation is not controlled and Dunn et al. commented on the 
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added complication of side reactions that could also be occurring. They suggest that hydrogen 
chloride or hydrogen bromide are produced which can result in the introduction of more 
halogen atoms into the polymer than would be expected; ultimately causing retardation of the 
reaction. Finally, in the case of Wu et al.211, acrylamide, AMPS and acrylic acid were 
copolymerised in the presence of bromoform and in some cases DMF solvent. In this case 
there was no discussion on whether the acrylamide, AMPS or acrylic acid were able to self-
polymerise under the described conditions. As with the research of Miller and Dunn et al., 
there was no attempt to control the temperature of the reaction solution under UV irradiation. 
It could therefore be assumed that the AMPS and acrylic acid could be initiated by the bromine 
radicals produced in addition to the thermal effects on the reaction over the 4.5 hours of UV 
irradiation to which they are subjected211. Notably, many of the reactions described in the 
preliminary literature involve more reactive monomers which could be a contributing factor to 
the apparent initiation using bromine-containing compounds. 
A secondary study was therefore conducted whereby PDMA was targeted at varying 
bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative to monomer) in the absence of 
ACPA photoinitiator. Water was used as the solvent and all other conditions, including volume 
of water, initial concentration of monomer, temperature (use of ice bath) and UV exposure 
time were identical to those used in the investigation described in Section 3.3.  
Figure 3.23 depicts the final 1H NMR spectrum for polymerisations conducted at each 
bromoform concentration and shows that the reaction solution does not contain polymer after 
60 minutes of UV irradiation in each case. This is unlike the kinetic study shown in Figure 3.4, 
where the intensity of the monomer peaks reduces and the polymer peaks increases over 
time. To further confirm that these polymerisations were unsuccessful, GPC traces were 
obtained. Indeed, there was no peak present to indicate polymer formation had occurred 
(Figure 3.24). This evidence suggests that bromoform-derived radical species that are capable 
of initiating DMA polymerisation are not generated under the described conditions and thus 
the photopolymerisation of N,N-dimethylacrylamide cannot proceed. Additionally, the reaction 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 109 
with no ACPA and 0 mol % bromoform indicates that N,N-dimethylacrylamide will not self-
polymerise under the described conditions (Figure 3.23). 
 
 
Figure 3.23. Final 1H NMR spectra for the attempted synthesis of PDMA in the absence of 
ACPA photoinitiator at varying bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative 
to monomer) in water. 
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Figure 3.24. Example of the GPC traces obtained for the synthesis of PDMA with ACPA (black) 
and in the absence of ACPA (red) both at 2 mol % bromoform (relative to monomer). 
Whilst the observation that bromoform is not capable of initiating the polymerisation of N,N-
dimethylacrylamide is not in agreement with some findings in the literature, it does corroborate 
the more recent work of Thananukul et al.212. Similarly, bromoform is deemed incapable of 
acting as a photoinitiator in the homopolymerisation of acrylamide at varying bromoform 
concentrations. Interestingly, no evidence of temperature control is described in the 
Thananukul et al.212 study. 
3.6 Synthesis of PDMA in the presence of air 
Upon determining that the polymerisation of N,N-dimethylacrylamide will not proceed in the 
absence of ACPA photoinitiator, under the conditions investigated herein, a final study was 
conducted to investigate the influence of oxygen on the polymerisations. The purpose of this 
investigation was to determine the need of running the reactions under an inert atmosphere; 
as it is more beneficial and cost effective for industrial scale-up if the reactions can be 
completed in the presence of air. Four reaction formulations were set up using 0, 0.5, 1.0 and 
2.0 mol % bromoform (relative to monomer), and whilst the flasks were sealed with a rubber 
septum, they were not subjected to oxygen removal via vacuum-nitrogen cycles. Water was 
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used as the solvent and all other conditions, including ACPA concentration, volume of water, 
initial concentration of monomer, initial temperature (use of ice bath) and UV exposure time, 
were identical to those used in the investigations described in Section 3.3.  
Figure 3.25 shows the percentage monomer conversion with time for each of the four 
bromoform concentrations investigated. This graph suggests that whilst there is now a 
significant induction period, polymerisation still proceeds. Notably, there does not appear to 
be a relationship between bromoform concentration and the length of the induction period, 
although there was a difference between reactions. Polymerisation was observed to begin 
between 15 and 30 minutes of UV exposure for formulations containing 0.5 and 2.0 mol % 
bromoform, whereas reactions containing 0 and 1.0 mol % bromoform begin to polymerise 
between 30 and 45 minutes of UV exposure.  
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Figure 3.25. Monomer conversion versus time for the synthesis of PDMA at varying bromoform 
concentrations in the presence of air. 
The effect of the presence of oxygen in free radical polymerisation formulations has been 
extensively discussed in the literature312–316. Oxygen is an excellent free radical scavenger266 
and can react with initiating or propagating radicals to form the typically unreactive peroxyl 
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radical314,316. This results in extended induction periods, as demonstrated herein, or 
termination of growing polymer chains within a polymerisation reaction314,316. In this example, 
for the polymerisation of N,N-dimethylacrylamide, there is an observed induction period of ≥ 
15 minutes upon UV exposure at each bromoform concentration (0, 0.5, 1.0, 2.0 mol % relative 
to monomer).  
ACPA (or possibly bromoform-derived) radicals that are generated during the reaction may 
interact with the oxygen present in the reaction flask. Bromoform is known to react with oxygen 
via several different mechanisms under varying conditions. Of particular relevance, reactions 
of tribromomethyl (Br3C•) and dibromomethyl (Br2HC•) radicals can occur with molecular 
oxygen (O2)317,318. As previously discussed, bromoform can undergo dissociation into Br2HC• 
and Br• radicals upon UV irradiation, or hydrogen transfer, whereby Br3C• and H• are produced. 
It was already determined in Section 3.5 that these radicals (Br2HC•, Br•, Br3C• and H•) are not 
capable of initiating the polymerisation of N,N-dimethylacrylamide under the described 
conditions. However, the Br3C• and Br2HC• radicals produced are known to react rapidly with 
O2 to form tribromomethyl and dibromomethyl peroxy radicals, respectively. These radicals 
are then known to decompose in water to form a combination of H+, Br-, CO and CO2. 
Additionally, ACPA is also known to react with O2 to form unreactive peroxide radicals which 
can self-terminate through combination319, either between two ACPA peroxide radicals or the 
ACPA peroxide radical and another radical in the system. This second radical could be an 
ACPA-derived radical not involved in a reaction with O2 or one of the many radicals formed 
from UV-induced bromoform dissociation as previously described.  
As the flask was sealed with a rubber septum the polymerisation still proceeded once the 
oxygen that was present had been consumed. The difference in the time taken for the 
polymerisation to begin could be due to variations in the residual oxygen dissolved in the 
reaction solution, which has also been described elsewhere during the radical polymerisation 
of other acrylamide monomers212,312,315. Additionally, the quantity of oxygen present in the flask 
may exhibit some routine variation, resulting in the differing induction periods observed.  
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Using the available monomer conversion data, a semi-logarithmic plot (Figure 3.26) was 
produced to determine the rate of each reaction. As with the inert atmosphere, there appears 
to be no relationship between bromoform content and the resulting rate of polymerisation. 
However, when comparing the calculated values for kapp under the inert atmosphere and in 
the presence of air, the rate decreased by approximately half in all cases (Table 3.5).  
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Figure 3.26. Semi-logarithmic plot used to demonstrate the relationship, or lack thereof, 
between bromoform concentration and the rate of the reaction in the presence of air. 
The apparent decrease (by half) in kapp between the inert and air atmospheres further suggests 
that it is the ACPA-derived radicals that are interacting with oxygen in the flask. The decrease 
in active ACPA radicals would result in the observed decrease in polymerisation rate, since 
fewer initiating radicals will result in fewer polymer chains being initiated and thus propagating 
at any one time. In turn, this will also result in a slower rate of monomer consuption44, meaning 
that the molar mass of the final polymers synthesised in the presence of air should appear 
larger than those under the inert atmosphere at similar monomer conversions (%)320.  
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Table 3.5. Apparent rate constant data at varying bromoform concentrations under inert 
atmosphere (i.e. oxygen-free) versus in the presence of air (not degassed but sealed prior to 
UV irradiation) for the homopolymerisation of N,N-dimethylacrylamide. 
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HJH027 0 0.14 0.068 
HJH028 0.5 0.12 0.057 
HJH029 1.0 0.13 0.062 
HJH030 2.0 0.12 0.053 
a) Relative to initial monomer concentration 
b) Flask sealed but oxygen not removed 
 
For the system exposed to air, the GPC data indicate that once the induction period has 
passed, the molar mass of the polymers is initially high before decreasing over time (Figure 
3.27). This phenomenon has previously been discussed and is a typical observation in free 
radical polymerisation systems294–296. As expected, the molar mass of the polymers 
synthesised in the systems where 0, 0.5 and 2.0 mol % bromoform was present appears to 
be larger than that observed at similar conversions (%) for the polymerisations conducted in 
the absence of air (Figure 3.28). It is only at the 1.0 mol % bromoform concentration reaction 
where the molar mass is lower than that observed when the polymerisation is conducted in 
the absence of air.  
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Figure 3.27. Mn versus monomer conversion for the synthesis of PDMA at varying bromoform 
concentrations in the presence of air. 
 
Figure 3.28. Molar mass versus monomer conversion for the synthesis of PDMA at varying 
bromoform concentrations a) 0, b) 0.5, c) 1.0 and d) 2.0 mol % bromoform (relative to 
monomer) under inert atmosphere (black squares - error bars represent the standard deviation 
of the triplicate data) and in the presence of air (red circles). 
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During this investigation, the effect of oxygen on the reaction system has been explored; 
significantly an induction period was identified (≥ 15 minutes) for all reactions. The interactions 
of oxygen with bromoform and ACPA have been reviewed extensively and justify the need for 
degassing (via vacuum-nitrogen cycles) in order to eliminate oxygen from future syntheses of 
PDMA macro-initiators.  
3.7 Reaction scale-up 
In order to obtain enough PDMA macro-initiator for efficient block copolymer studies, the 
homopolymerisation reaction was scaled up by a factor of ten to produce 20 g of polymer. 
Using the results obtained in Section 3.3, it was determined that the reaction with 2 mol % 
bromoform offered the opportunity for the highest proportion of potentially bromine-terminated 
chains to be formed within the usable bromoform miscibility range. Therefore, 2 mol % 
bromoform was used during the synthesis of 20 g PDMA macro-initiator for the purpose of 
synthesising poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) [PDMA-b-
PNIPAM] block copolymers (see Chapter 5).  
In all cases, 1H NMR spectroscopy and GPC data were obtained for the PDMA macro-initiators 
used in subsequent block copolymer reactions and are summarised in Table 3.6. For 
experiments HJH031 (macro-initiator used in the one-pot investigation) and 36 (macro-initiator 
used in the two-step investigation), the reaction reached ≥ 91 % conversion. In experiment 
HJH038 (macro-initiator used in a secondary two-step investigation), the reaction was stopped 
at 70 % conversion in an attempt to increase the number of bromine-terminated polymer 
chains. This approach was informed by the literature related to controlled radical 
polymerisation methods [such as reversible addition-fragmentation chain transfer (RAFT) 
polymerisation, atom transfer radical polymerisation (ATRP) and nitroxide-mediated 
polymerisation (NMP)], during which chain ends are often lost under monomer starved 
conditions (at high conversions, i.e. ≥ 90 %) to side reactions321–325. 
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Table 3.6. Summary of final monomer conversion, molar mass and molar mass dispersity data 
for the polymerisation of N,N-dimethylacrylamide using 2 mol % bromoform targeting 20 g of 
macro-initiator (synthesised in water). 
Experiment code Final monomer 
conversion (%) a
 Mn (kg mol-1) b Ð b 
HJH031 99 143.6 3.6 
HJH036 91 148.4 3.9 
HJH038 70 324.7 2.8 
a) Calculated using 1H NMR spectroscopy and Equation 2.1 
b) Determined using DMF GPC with PMMA standards 
 
The GPC data obtained shows that macro-initiators at ≥ 91 % conversion were synthesised in 
the molar mass region 143.6 - 148.4 kg mol-1 with relatively high dispersities in the range of 
3.6-3.9. This is not dissimilar to the molar mass and molar mass dispersity values obtained 
during the kinetic study (targeting 2 g of PDMA macro-initiator) described in Section 3.2. The 
macro-initiator at 70 % targeted monomer conversion had a significantly higher molar mass of 
324.7 gmol-1. Figure 3.10 (see Section 3.2) suggests that the significantly larger molar mass, 
at 70 % conversion, is not dissimilar to that observed in the kinetic studies of the small scale 
(2 g) kinetic reactions that were previously conducted; where the Mn observed at 70 % 
conversion is approximately double that seen when the reaction reaches high (> 90 %) 
conversion.  
The Tg of the PDMA samples synthesised at larger scale was determined using DSC (as 
described in Section 2.4.3). Figure 3.29 shows the DSC thermogram for each PDMA macro-
initiator, identifying the region in which the glass transition occurs. Table 3.7 summarises all 
of the PDMA macro-initiators synthesised at the larger scale and demonstrates that the Tg is 
within the literature range (89 - 130 °C297–302). There is a small observed molar mass 
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dependence of Tg with the higher molar mass PDMA macro-initiators exhibiting higher Tg 
values. 
 
Figure 3.29. DSC thermogram of PDMA macro-initiators (synthesised in water) to be used in 
block copolymer reactions. 
 
Table 3.7. Summary of the glass transition temperatures for the PDMA macro-initiators 
synthesised at larger scale (water syntheses). 
Experiment 
series 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg  
(°C) 
HJH031 110 122 116.0 
HJH036 116 125 120.5 
HJH038 121 128 124.5 
 
Finally, the available literature data indicate that PDMA macro-initiators degrade between 350 
and 450 °C302 via a one-step degradation profile, forming volatile, small molecules. This is 
evidenced in Figure 3.30 which shows the degradation profile for all PDMA macro-initiators 
synthesised at the larger scale.  
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Figure 3.30. TGA degradation profile for PDMA macro-initiators (synthesised in water at larger 
scale) to be used in block copolymer reactions. 
The purpose of this characterisation was to confirm that the thermal properties of the macro-
initiators were consistent with those reported in the literature and the small scale kinetic 
studies, for later comparison to any PDMA-b-PNIPAM copolymers that may be produced. 
3.8 Conclusions 
This chapter describes the synthesis of poly(N,N-dimethylacrylamide) using bromoform-
assisted polymerisation and has been discussed in detail. Multiple studies investigating 
varying bromoform content, solvent, bromoform as a potential photoinitiator, and the effect of 
oxygen on the reaction system have been explored.  
Initially, the study focusing on the effect of increasing bromoform content, from 0 - 2.0 mol % 
(relative to monomer), highlighted that bromoform was not behaving as a CTA under the 
described conditions (in water). This was evidenced by the lack of relationship between 
bromoform concentration and molar mass from the near-identical GPC traces. If bromoform 
was behaving as a CTA the molar mass would be expected to decrease significantly with 
increasing bromoform content. These outcomes contradict the previous work of Thananukul 
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et al.212, where it was demonstrated that bromoform exhibits successful chain transfer 
capabilities during the polymerisation of acrylamide. However, there is no evidence of thermal 
control during the course of the reaction in the Thananukul et al. studies and the effects of 
bromoform as a CTA could be linked to the high temperatures (up to 50 °C) likely achieved 
during the prolonged UV irradiation times. Overall, in this study, the rate of the reaction was 
not altered with increasing bromoform content and all polymerisations (including repeats) 
achieved high monomer conversions (≥ 93 %). Notably, the molar mass dispersity of the final 
polymers was high (Ð = 2.8 - 3.4), with no suggested relationship between molar mass 
dispersity and bromoform content.  
Changing the solvent to DMF demonstrated considerable differences in the kinetics of DMA 
polymerisation at varying bromoform concentration (0, 0.5, 1.0 and 2.0 mol % relative to 
monomer). Firstly, the required reaction time needed to be increased from 60 to 360 minutes 
to achieve reasonably high monomer conversions (≥ 77 %), due to extensive induction periods 
followed by a slower rate of reaction in DMF. Similar to the water study, the change in molar 
mass of resulting PDMA was negligible and the GPC traces were near-identical at all 
bromoform concentrations investigated. There was also a negligible change in polymerisation 
rate between the reactions, with no clear trend between bromoform concentration and the rate 
of the reaction being observed. Similarly, the molar mass dispersity values of the final 
polymers remained high (Ɖ = 2.7 - 2.9), with no clear relationship between molar mass 
dispersity and bromoform content. The final molar masses obtained in the DMF system (22.2 
- 23.1 kg mol-1) were considerably lower than those achieved when using water as the solvent 
(242.3 - 294.8 kg mol-1), which is attributed to the lower propagation rates in DMF. 
In both kinetic studies, appropriate purification methods were developed and analytical 
techniques (1H NMR spectroscopy, GPC, DSC and TGA) were used to further confirm the 
characteristics of the final polymers. In all cases, including repeats, the experimentally 
determined data (Tg and degradation temperature range) were within the known literature 
values. As previously discussed, the polymerisations revealed a solvent effect on the 
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homopolymerisation of DMA at varied bromoform concentration when moving from water to 
DMF which was reflected in a significant decrease in the molar mass of the samples. The 
reactions in DMF were used as a tool to determine the solvent effect and provide further insight 
into the role of bromoform in these syntheses. However, with the goal being to develop a more 
environmentally friendly, inexpensive, industrially relevant polymerisation technique future 
reactions were conducted in water.  This removes the need for toxic, harmful organic solvents 
during the synthesis, which is one of the overarching objectives of this project. 
In another study, in the absence of ACPA photoinitiator, it was determined that whilst 
bromoform produces radicals when exposed to UV light, these radicals are incapable of 
initiating the polymerisation of N,N-dimethylacrylamide under the described conditions. This 
is contradictory to the previous findings of Dunn et al.209, Miller208 and Wu et al.211. In each of 
these examples, it was claimed that bromine radicals (generated from bromoform, carbon 
tetrabromide, dibromomethane, monobromomethane or bromotrichloromethane) are capable 
of initiating the polymerisation of acrylonitrile, acrylic acid, AMPS and styrene. However, the 
lack of thermal control throughout these reactions could be the contributing factor that resulted 
in the success of these polymerisations; with the highest solution temperature being reported 
as 50 °C208. Conversely, this does concur with the more recent work of Thananukul et al.212. 
In this case, bromoform was also deemed incapable of initiating the polymerisation of 
acrylamide at varied bromoform concentration, even without thermal control of the system. 
A study where oxygen was present in the reaction highlighted the importance of the degassing 
stage in the synthesis methodology. With oxygen present, a significant induction period was 
evident in all reactions (≥ 15 minutes). Therefore, it was decided that degassing the reaction 
solution was important to maintain efficiency. Additionally, the reduced polymerisation time 
enables greater control over the temperature range at which the reaction is conducted. During 
the 60 minutes of UV irradiation, for the reactions in which no oxygen is present, the 
temperature only increased by a maximum of 4.9 °C. 
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Finally, the polymerisation of N,N-dimethylacrylamide at 2.0 mol % bromoform (relative to 
monomer), was scaled up to produce a suitable quantity of potentially bromine-terminated 
poly(N,N-dimethylacrylamide) macro-initiator (Section 3.7) for subsequent block copolymer 
syntheses (see Chapter 5). The PDMA-Br macro-initiator was synthesised to between 91 and 
99 %, and then 70 %, monomer conversion in an attempt to increase the chain-end fidelity of 
the bromine-terminated polymer chains. Each macro-initiator synthesised in these studies 
exhibited similar properties to those synthesised at smaller scale (2 g), discussed in Section 
3.3, including molar mass, molar mass dispersity, Tg and degradation profile. These macro-
initiators were then used in further reactions in an attempt to synthesise PDMA-b-PNIPAM 
block copolymers (see Chapter 5). 
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4.1 Homopolymerisation of N-isopropylacrylamide 
This chapter describes the synthesis of poly(N-isopropylacrylamide) [PNIPAM] via bromoform-
assisted polymerisation (Scheme 4.1). Multiple investigations were undertaken to determine 
the most appropriate synthesis route of a PNIPAM macro-initiator for use in further 
polymerisation reactions; to form block copolymers. As demonstrated in Scheme 4.1, due to 
the primary dissociation pathway of bromoform, it is predicted that the polymerisations will 
produce PNIPAM with a reversibly capped bromine chain end.  
 
Scheme 4.1. Synthesis of PNIPAM via bromoform-assisted polymerisation at varied 
bromoform concentrations. 
The main part of this study focuses of the synthesis of PNIPAM with varied bromoform content 
to provide insight into the role of increasing bromoform content on the overall polymerisation 
and determine the optimum route to synthesise a PNIPAM macro-initiator for future block 
copolymer synthesis. Moreover, these reactions were conducted in both high performance 
liquid chromatography (HPLC)-grade water and dimethylformamide (DMF) to determine the 
effect of solvent on the production of PNIPAM using this bromoform-assisted synthetic route. 
In addition to this research, two supplementary studies were conducted; an investigation in 
the absence of photoinitiator [namely 4,4-azobiscyanovaleric acid (ACPA)], and a study to 
determine the role of oxygen in the polymerisation system. The investigation in the absence 
of ACPA was designed to highlight the potential of bromoform to behave as a photoinitiator as 
implied in the earlier work of Miller208, Dunn et al.209 and Wu et al.211 (during the polymerisation 
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of acrylonitrile and acrylic acid, styrene and methyl methacrylate, and acrylic acid and 2-
acrylamido-2-methylpropanesulfonic acid (AMPS), respectively), in addition to its potential 
chain transfer agent (CTA) capabilities (as suggested by Thananukul et al.212). The final 
investigation, whereby oxygen was not removed from the reaction flask, was used to further 
develop the synthesis methodology; determining whether there was a need for a degassing 
stage for the reaction to be successful under the described conditions.  
4.2 Development of the N-isopropylacrylamide polymerisation 
procedure 
Chapter 3 highlights the development of the experimental set up including; ultraviolet (UV) 
source, metal box, use of borosilicate glass, stirrer plate and ACPA photoinitiator selection. 
Trial reactions conducted identified that the heat produced from the UV light source and the 
reaction was significant enough to increase the reaction temperature from 25 °C up to 45 °C 
(after 2 hours of UV irradiation). This was a problem for the synthesis of PNIPAM due to the 
lower critical solution temperature (LCST) that PNIPAM exhibits at approximately 32 °C1 in 
water. In the trial reactions, without any means of temperature control, the PNIPAM could be 
seen precipitating out of solution very early on. Therefore, an ice bath was introduced to 
provide temperature control throughout the course of the reaction. Like in the poly(N,N-
dimethylacrylamide) [PDMA] study (see Chapter 3), the ice did not cover the top of the vessel 
to allow sufficient UV irradiation from above and the reaction solution was stirred in the ice 
bath for 20 minutes to allow a homogenous solution to be formed and the temperature to 
stabilise. A temperature versus time study of the reaction solution concluded that the 
temperature increased by 1.1 °C over a 30 minute period of UV irradiation (Figure 4.1). The 
ice bath provided control of the temperature of the solution, significantly reducing thermal 
effects on the precipitation of PNIPAM, the dissociation of ACPA or bromoform and the overall 
rate of the polymerisation. 
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Figure 4.1. Temperature versus time plot for the trial synthesis of PNIPAM using an ice bath 
to provide temperature control. 
 
4.3 Bromoform-assisted synthesis of poly(N-isopropylacrylamide) in 
HPLC-grade water 
The focus of this research was to successfully synthesise amphiphilic block copolymers from 
macro-initiators with a labile C-Br bond; formed from the use of bromoform in the 
homopolymerisation reaction. Therefore, a detailed study was required focused on the 
synthesis of the macro-initiator. This section describes the synthesis of PNIPAM macro-
initiators, formed at varied bromoform concentrations (0.0, 0.5, 1.0 and 2.0 mol% relative to 
monomer) and fixed ACPA concentration (1.0 mol% with respect to N-isopropylacrylamide) in 
water. Experiments were conducted in an ice bath and, in all cases, experiments were 
repeated in triplicate to eliminate potential anomalies within the data and highlight patterns 
and processes that were occurring. The effect of the addition of bromoform on the 
homopolymerisation was studied by monitoring monomer conversion and molar mass (Mn) 
using 1H nuclear magnetic resonance (NMR) spectroscopy (Figure 4.2 and Appendices 7 - 9) 
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and gel permeation chromatography (GPC, using poly(methyl methacrylate) [PMMA] 
standards) (Figure 4.3), respectively.  
 
 
Figure 4.2. Exemplar 1H NMR kinetic overlay for the synthesis of PNIPAM in water at 2.0 mol 
% bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Figure 4.3. Kinetic GPC traces for the synthesis of PNIPAM in water at a) 0, b) 0.5, c) 1.0 
and d) 2.0 mol % bromoform concentrations (relative to monomer). 
High monomer conversions (≥ 88 %) were achieved in each case, and the Mn of the resulting 
PNIPAM initially increases upon addition of bromoform (see data summarised in Table 4.1), 
however, there is then no identifiable relationship between bromoform concentration and 
molar mass. The resulting PNIPAM, in each case, was isolated by precipitation before residual 
water was removed via lyophilisation until constant weight was achieved. Excess unreacted 
monomer was confirmed to be removed via 1H NMR (Figure 4.4). Finally, the GPC traces of 
the precipitates at each bromoform concentration demonstrate that there is good 
reproducibility between the results (Figure 4.5). 
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Table 4.1. Summary of final conversion, molar mass, molar mass dispersity and apparent rate 
constant data for the polymerisation of N-isopropylacrylamide at varied bromoform 














HJH013 0 92 521.1 2.4 0.10 
HJH014 0.5 88 532.6 2.2 0.09 
HJH015 1.0 92 535.2 2.2 0.11 
HJH016 2.0 91 530.2 2.2 0.12 
a) Relative to monomer 
b) Calculated using 1H NMR spectroscopy and Equation 2.2 
c) Determined using DMF GPC with PMMA standards 
 
 
Figure 4.4. Comparative 1H NMR spectra (in D2O) showing the disappearance of the monomer 
vinyl protons (5.6 and 6.1 ppm) between crude (bottom) and precipitated (top) PNIPAM (2 mol 
% bromoform, relative to monomer). 
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Figure 4.5. GPC traces of PNIPAM final precipitates at a) 0, b) 0.5, c) 1.0 and d) 2.0 mol % 
bromoform (relative to monomer, synthesised in water) demonstrating good reproducibility 
between runs and e) near-identical GPC traces of the final precipitate at each bromoform 
concentration. 
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Closer inspection of the GPC curves in this study (Figure 4.5) show that the reactions with 
bromoform are near-identical and the apparent increase in molar mass upon addition of 
bromoform is attributed to the change in molar mass dispersity (Ð = 2.4 - 2.2) and limits of the 
GPC calibration. The lack of relationship between bromoform concentration and molar mass 
is similar to the previous findings for the polymerisation of N,N-dimethylacrylamide (DMA) 
discussed in Chapter 3. Even with the presence of lithium bromide in the GPC eluent, to 
supress hydrogen bonding between the PNIPAM and DMF, there is still some distortion 
observed in the shape of the GPC traces between the kinetic studies (Figure 4.3) and final 
precipitates (Figure 4.5).  
Under the described conditions bromoform is not demonstrating chain transfer capabilities as 
the molar mass would be expected to decrease when increasing the bromoform content. 
Additionally, these findings oppose the observations made in the previous work conducted by 
Thananukul et al.212, where it was demonstrated that bromoform exhibits successful chain 
transfer capabilities during the polymerisation of acrylamide, highlighted through the apparent 
regulation of molar mass with increasing bromoform content. However, the system discussed 
herein differs to the Thananukul et al. study as an ice bath has been used to provide control 
over the temperature of the reaction. In the Thananukul et al. study, temperatures of up to 50 
°C are reported during the 60 minutes of UV irradiation that the reaction solutions are exposed 
to. Therefore significant thermal effects could be the reason that bromoform exhibited CTA 
capabilities in their work. Furthermore, the bromoform-assisted polymerisation of NIPAM 
reached high conversion (≥ 88 %) after only 30 minutes of UV irradiation; half the exposure 
time used in the polymerisation of DMA. 
Further analysis of the kinetic data collected (Table 4.1, Figure 4.6 and Figure 4.7) 
demonstrate little to no difference in polymerisation rate observed for all bromoform 
concentrations studied. This is similar to the synthesis of PDMA (see Chapter 3) and the 
previous work of Thananukul et al.212, where it was reported that the addition of bromoform to 
the polymerisation system did not significantly affect the rate of polymerisation. Finally, the 
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molar mass dispersity of the final polymers was high (Ð = 2.2 - 2.4), with no apparent 
relationship between molar mass dispersity and bromoform content. The kinetic study shows 
that the PNIPAM molar mass decreases as the polymerisation proceeds at all bromoform 
concentrations (Figure 4.8). This is a typical observation in free radical polymerisations due to 
high initial rates of propagation leading to the formation of high molar mass chains, before the 
monomer concentration is reduced and thus shorter polymer chains are synthesised, resulting 
in a reduction in the average molar mass in the system294–296.  
 



















 0 mol %
 0.5 mol %
 1.0 mol %
 2.0 mol %
 
Figure 4.6. Monomer conversion versus time for the synthesis of PNIPAM at varying 
bromoform concentrations in water. 
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Figure 4.7. Semi-logarithmic plot for the synthesis of PNIPAM at varying bromoform 
concentration in water. 
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Figure 4.8. Molar mass versus monomer conversion for the synthesis of PNIPAM at varying 
bromoform concentrations in water (error bars represent the standard deviation of the triplicate 
data). 
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4.3.1 Thermal properties 
In preparation for the synthesis of block copolymers, the resulting PNIPAM was purified by 
precipitation and further characterised via differential scanning calorimetry (DSC), thermal 
gravimetric analysis (TGA) and dynamic light scattering (DLS) to determine the glass transition 
temperature (Tg), degradation profile and LCST, respectively. As described in Chapter 3, the 
results, regarding the thermal properties of the homopolymer, are collated for later comparison 
to subsequent block copolymers that may be synthesised. The purpose of which is to identify 
any changes between the properties of the homopolymers and the block copolymers.  
For all samples, the Tg was determined to be between 138.5 - 140.0 °C ( 
 
Table 4.2 and Figure 4.9) which is within the expected range according to the literature (135 - 
142 °C326–328). Similarly to PDMA, the available literature data indicate that PNIPAM also 
degrades between 350 - 450 °C329, via a one-step degradation profile, forming volatile, small 
molecules. This is evidenced in Figure 4.10, for the samples synthesised herein, which shows 
the degradation profile of PNIPAM at all bromoform concentrations.  
 
Table 4.2. Summary of the glass transition temperatures of PNIPAM (synthesised in water) at 




(mol %) a 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg 
(°C) 
HJH013 0 134 144 139.0 
HJH014 0.5 135 145 140.0 
HJH015 1.0 136 144 140.0 
HJH016 2.0 134 143 138.5 
a) Relative to monomer 
 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 135 
 
Figure 4.9. DSC thermograms (second heating cycle) for PNIPAM (synthesised in water) at 
varying bromoform concentration, highlighting the feature corresponding to the glass transition 
temperature for each sample. 
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Figure 4.10. TGA degradation profiles of PNIPAM (synthesised in water) at varying bromoform 
concentration. 
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Finally, DLS was used to determine the LCST of the PNIPAM samples synthesised at each 
bromoform concentration. Below the LCST the water molecules are physically bound to the 
hydrophilic amide groups and arranged in such a way that they form a shield around the 
hydrophobic groups throughout the polymer254. This shield is often referred to as a 
hydrophobic hydration shell and is enthalpically favoured (whilst being entropically 
disfavoured) due to the water molecules forming stronger and longer-lived hydrogen bonds in 
this arrangement compared to the bulk255–258. The polymer structure goes from a state of well-
solvated, randomly distributed polymer at low temperature to a state of highly packed chains 
at high temperature330 and results in the polymer precipitating out of solution. Above the LCST 
the hydrophobic hydration shell is lost and the polymer aggregates and phase separates331–
335. This transition from soluble to insoluble is known as the coil-to-globule transition and 
occurs due to the entropy gain from the release of the water molecules from the hydration 
shell outweighing the now smaller enthalpic contribution of water-polymer binding255,331,333,336–
341. As previously mentioned PNIPAM typically has an LCST of 32 °C342,343, however, the 
available literature demonstrates that this transition can be between 30 - 35 °C1,339,344–346. 
Figure 4.11 shows that the PNIPAM samples synthesised herein exhibit an LCST between 34 
and 35 °C; which is within the given literature range. This information will be used alongside 
the results discussed in Chapter 5 to highlight any changes in the LCST when forming block 
copolymers. 
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Figure 4.11. Size versus temperature of PNIPAM (synthesised in water) at varying bromoform 
concentrations highlighting the LCST (or coil-to-globule transition). 
In this study, PNIPAM has been successfully synthesised at varying bromoform concentration 
in water. These results suggest that the molar mass of the samples is not controlled with 
increasing bromoform concentration (0 - 2 mol % relative to monomer). Eliminating the role of 
bromoform as a CTA for the synthesis of PNIPAM under the described conditions. This is 
similar to the results described in Chapter 3 regarding the synthesis of PDMA at varied 
bromoform concentration under the same conditions. Additionally, the rate of the 
polymerisation is negligibly changed at each bromoform concentration, with no apparent trend 
observed. Moreover, the molar mass dispersities of the final PNIPAM samples are relatively 
high (Ð = 2.2 - 2.4), however, there is good reproducibility observed for syntheses conducted 
at each bromoform concentration. 
4.4 Bromoform-assisted synthesis of poly(N-isopropylacrylamide) in 
DMF 
To further build on the work conducted in Section 4.3, another series of PNIPAM syntheses 
were conducted at varying bromoform concentration (0, 0.5, 1.0 and 2.0 mol % relative to 



















 0 mol %
 0.5 mol %
 1.0 mol %
 2.0 mol %
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 138 
monomer) and fixed ACPA concentration (1.0 mol % with respect to N-isopropylacrylamide); 
this time in DMF. To allow for direct comparison, ACPA concentration, volume of solvent, initial 
concentration of monomer and initial temperature (use of ice bath) were identical to those 
used in the investigation described in Section 4.3. In all cases, experiments were repeated in 
triplicate. The effect of bromoform on the homopolymerisation was studied by monitoring 
monomer conversion and molar mass using 1H NMR spectroscopy (Figure 4.12 and 
Appendices 10 - 12) and GPC (Figure 4.13), respectively.  
 
Figure 4.12. Exemplar 1H NMR kinetic overlay for the synthesis of PNIPAM in DMF at 2.0 mol 
% bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 139 
 
Figure 4.13. Kinetic GPC traces for the synthesis of PNIPAM in DMF at a) 0, b) 0.5, c) 1.0 
and d) 2.0 mol % bromoform concentrations (relative to monomer). 
Compared to the equivalent synthesis in water, lower final monomer conversions (≥ 64 %) 
were achieved in each case, even with extended UV exposure times (from 30 to 360 minutes). 
However, in this case the molar mass of the resulting PNIPAM appears to decrease slightly 
with increasing bromoform concentration (see data summarised in Table 4.3). The resulting 
PNIPAM, in each case, was isolated by precipitation before residual water was removed via 
lyophilisation until constant weight was achieved. Excess unreacted monomer was confirmed 
to be removed via 1H NMR spectroscopy (Figure 4.14). As previously discussed in Chapter 3, 
the peak at 0.8 ppm (labelled with an asterix (*), Figure 4.14) is thought to be contributed to 
by the methyl groups of the ACPA initiator fragment at the α chain end, from the initiation step 










































 H.J.Hutchins, PhD Thesis, Aston University, 2021. 140 
in the reaction. Upon further investigation of the PNIPAM samples produced in the water 
studies, a similar peak was also identified (Figure 4.15). The intensity of this peak is reduced 
when compared to Figure 4.14 due to the significantly higher molar mass of the polymers 
produced in the water study. Finally, the GPC traces of the purified PNIPAM synthesised at 
each bromoform concentration demonstrate that there is good reproducibility between the 
results (Figure 4.16). 
 
 
Figure 4.14. Comparative 1H NMR spectra (in CDCl3) showing the disappearance of the 
monomer vinyl protons (5.3 and 5.9 ppm) between crude (bottom) and precipitated (top) 
PNIPAM (2 mol % bromoform, relative to monomer). 
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Figure 4.15. PNIPAM synthesised in HPLC-grade water highlighting the presence of a low 
intensity methyl group peak at approximately 0.8 ppm [labelled with an asterix (*)]. 
 
Table 4.3. Summary of final conversion, molar mass, molar mass dispersity and apparent rate 
constant data for the polymerisation of N-isopropylacrylamide at varied bromoform 














HJH039 0 64 27.2 2.2 0.0023 
HJH040 0.5 64 26.3 2.2 0.0021 
HJH041 1.0 64 25.7 2.2 0.0022 
HJH042 2.0 66 23.8 2.3 0.0021 
a) Relative to monomer  
b) Calculated using 1H NMR spectroscopy and Equation 2.1 
c) Determined using DMF GPC with PMMA standards 
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Figure 4.16. GPC traces of PNIPAM final precipitates at a) 0, b) 0.5, c) 1.0 and d) 2.0 mol % 
bromoform (relative to monomer, synthesised in DMF) demonstrating good reproducibility 
between runs and e) near-identical GPC traces of the final precipitate at each bromoform 
concentration. 
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The data summarised in Table 4.3 initially suggests that bromoform is exhibiting chain transfer 
capabilities under the described conditions; from the observed decrease in molar mass with 
increasing bromoform concentration between 0 - 2.0 mol % (relative to monomer). However, 
the decrease in molar mass could be considered negligible. Additionally, closer inspection of 
the broad GPC curves indicates that the molar mass profiles for the PNIPAM synthesised are 
near-identical for 0 - 1.0 mol % bromoform (Figure 4.16). This is similar to the findings from 
the previous study conducted in water (Section 4.3), and the investigation into the synthesis 
of PDMA (see Chapter 3), where no apparent relationship was identified between molar mass 
and bromoform concentration. In the same way as the previous studies described, these 
observations disagree with the previous work conducted by Thananukul et al.212 where 
bromoform demonstrated successful chain transfer capabilities during the polymerisation of 
acrylamide; highlighted through the apparent regulation of molar mass with increasing 
bromoform content. However, as previously described, the system discussed herein differs to 
the Thananukul et al. study as an ice bath has been used to provide control over the 
temperature of the reaction. In the Thananukul et al.212 study, temperatures of up to 50 °C are 
reported. Therefore significant thermal effects could be the reason that bromoform exhibited 
CTA capabilities in their work. 
In the same way as the polymerisation studies in water, the kinetic studies performed in DMF 
(Table 4.3, Figure 4.17 and Figure 4.18) demonstrate that bromoform has little influence over 
the apparent rate constant for each reaction, with no observable relationship between 
bromoform content and rate of polymerisation. Additionally, the molar mass dispersity, Ð, of 
the final polymers remains high (Ð = 2.2 - 2.3), with no suggested relationship between molar 
mass dispersity and bromoform content. 
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Figure 4.17. Monomer conversion versus time for the synthesis of PNIPAM at varying 
bromoform concentrations in DMF. 
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Figure 4.18. Semi-logarithmic plot for the synthesis of PNIPAM at varying bromoform 
concentration in DMF. 
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Figure 4.19 indicates that the molar mass of PNIPAM decreases as the polymerisation 
proceeds at all bromoform concentrations used. As previously discussed, this is a typical 
observation in free radical polymerisations294–296. 
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Figure 4.19. Mn versus monomer conversion for the synthesis of PNIPAM at varied bromoform 
concentrations in DMF (error bars represent the standard deviation of the triplicate data). 
Notably, the final molar masses seen in the DMF formulation (23.8 - 27.2 kg mol-1) were 
considerably lower than those achieved when using water as the solvent (521.1 - 535.2 kg 
mol-1), even with the considerably extended UV irradiation period (increased from 60 to 360 
minutes).  As discussed in Chapter 3, solvent effects have been described in the literature for 
a number of acrylamide monomers and solvent systems273,303,308–310. It could be suggested 
that the extended reaction times required for the PDMA and PNIPAM DMF studies, and lower 
rate of reactions observed, are a result of the decreased reactivity of the monomer double 
bond304,305. This is due to the reduced hydrogen bonding interactions between the solvent and 
carbonyl group (on the amide) when moving from water to DMF. Additionally, the decrease in 
molar mass observed could be a result of reduced interactions between the bromoform and 
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solvent, again when moving from the water to DMF system273,311. Finally, the lower 
conversions achieved, in the DMF study, also contribute to the differences observed in the 
final molar masses. 
4.4.1 Thermal properties 
As previously described, in preparation for the synthesis of poly(N-isopropylacrylamide)-block-
poly(N,N-dimethylacrylamide) [PNIPAM-b-PDMA] copolymers, the PNIPAM was purified via 
precipitation and further characterised using DSC and TGA to determine the glass transition 
temperature (Tg) and degradation profile, respectively. The results were then collated for future 
comparison with any block copolymers that may be synthesised.  
Again, like the polymerisations conducted in water, the Tg was determined to be within the 
expected literature range (135 - 142 °C326–328); more specifically 136.0 - 136.5 °C (  
Table 4.4 and Figure 4.20). Additionally, the degradation profiles, shown in Figure 4.21, are 
also near-identical to those produced in the water and PDMA studies; confirming that the 
samples degrade between 350 - 450 °C329 as expected.  
Table 4.4. Summary of the glass transition temperatures of PNIPAM (synthesised in DMF) at 




(mol %) a 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg 
(°C) 
HJH039 0 132 140 136.0 
HJH040 0.5 132 140 136.0 
HJH041 1.0 132 141 136.5 
HJH042 2.0 132 140 136.0 
a) Relative to monomer 
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Figure 4.20. DSC thermograms (second heating cycle) for PNIPAM (synthesised in DMF) at 
varying bromoform concentrations; highlighting the feature corresponding to the glass 
transition temperature for each sample. 















 0 mol %
 0.5 mol %
 1.0 mol %
 2.0 mol %
 
Figure 4.21. TGA degradation profile for PNIPAM (synthesised in DMF) at varying bromoform 
concentrations. 
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In the same way as the PDMA reactions (see Chapter 3), the NIPAM homopolymerisations at 
varying bromoform concentration also uncover a solvent effect, when moving from water to 
DMF. Significantly the rate of reaction is decreased when using DMF in both cases. 
Additionally, the reaction time had to be increased from 30 to 360 minutes, in the case of 
PNIPAM, in order to achieve significant monomer conversion (≥ 64 %). Even with the extended 
UV irradiation time a significant decrease in the final molar mass was observed between the 
water and DMF studies. The final molar masses suggest that bromoform is not behaving as a 
CTA for the reactions described herein; as the molar mass would be expected to decrease 
with increasing bromoform content. However, in this study the final GPC traces are near-
identical at all bromoform concentrations. 
4.5 Polymerisations conducted in the absence of photoinitiator (ACPA) 
As described in Sections 4.3 and 4.4, PNIPAM can be synthesised at varying bromoform 
concentration when the photoinitiator ACPA is also present in the system. The next stage of 
this investigation was to determine whether bromoform itself could also behave as a 
photoinitiator under these conditions. As previously discussed (see Chapter 3), the preliminary 
studies conducted by Miller208, Dunn et al.209 and Wu et al.211 claim that bromoform (amongst 
other similar bromine-containing compounds) can behave as a photoinitiator. However, in all 
three cases there is no evidence to suggest that the temperature of the reactions is controlled 
and temperatures of up to 50 °C208 are described after prolonged periods of UV irradiation. 
Therefore, the heat contributions from the UV lamp could be providing enough energy to the 
system for initiation to occur using the bromine radicals produced and not the UV light alone. 
Additionally, these studies often describe the reactions of more reactive monomers (such as 
acrylamide and AMPS) which could also be a contributing factor to the apparent observed 
initiation using bromine-containing compounds.  
A secondary study was therefore conducted whereby PNIPAM was targeted at varying 
bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative to monomer) in the absence of 
ACPA photoinitiator. Water was used as the solvent and all other conditions, including volume 
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of water, initial concentration of monomer, temperature (use of ice bath) and UV exposure 
time were identical to those used in the investigation in Section 4.3. Figure 4.22 depicts the 
final 1H NMR at each bromoform concentration and shows that the reaction solution does not 
contain polymer after 30 minutes UV irradiation in each case. This is unlike the kinetic traces 
seen in Figure 4.2, where the intensity of the monomer peaks reduce, and the polymer peaks 
increase over time. 
 
Figure 4.22. Final 1H NMR spectra for the attempted synthesis of PNIPAM in the absence of 
ACPA photoinitiator at varying bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative 
to monomer) in water. 
Like in the PDMA study (see Chapter 3), GPC data was collected and there was no peak 
present to indicate polymer formation had occurred. This evidence suggests that bromoform-
derived radical species that are capable of initiating NIPAM polymerisation are not generated 
under the described conditions and thus the photopolymerisation of N-isopropylacrylamide 
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cannot proceed. Additionally, the reaction with no ACPA and 0 mol % bromoform indicates 
that N-isopropylacrylamide will not self-polymerise under the described conditions (Figure 
4.22). 
Whilst the observation that bromoform is incapable of initiating the polymerisation of N-
isopropylacrylamide is not in agreement with some findings in the literature, it does corroborate 
the more recent work of Thananukul et al.212. Similarly, bromoform is deemed incapable of 
acting as a photoinitiator in the homopolymerisation of acrylamide at varied bromoform 
concentrations; even without the added thermal control provided in the experiments discussed 
herein. Interestingly, no evidence of temperature control is described in the Thananukul et 
al.212 study. Finally, these findings support the work described in Chapter 3 that also 
established that bromoform will not produce radicals capable of initiating the polymerisation of 
DMA under the same conditions.  
4.6 Synthesis of PNIPAM in the presence of air 
Having determined that the polymerisation of N-isopropylacrylamide will not proceed in the 
absence of ACPA photoinitiator, under the conditions investigated herein, a final study was 
conducted to investigate the influence of oxygen on the polymerisations. As mentioned in 
Chapter 3, for PDMA synthesis, the purpose of this investigation was to determine the need 
of running the reactions under an inert atmosphere. As it is more beneficial and cost effective 
for industrial scale-up if the reactions can be completed in the presence of air. Four reaction 
formulations were set up using 0, 0.5, 1.0 and 2.0 mol % bromoform (relative to monomer) 
and whilst the flasks were sealed with a rubber septum, they were not subjected to oxygen 
removal via vacuum-nitrogen cycles. Water was used as the solvent and all other conditions, 
including ACPA concentration, volume of water, initial concentration of monomer, initial 
temperature (use of ice bath) and UV exposure time were identical to those used in the 
investigation in Section 4.3.  
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Figure 4.23 depicts the final 1H NMR at each bromoform concentration and shows that the 
reaction solution does not contain polymer after 30 minutes UV irradiation in each case. This 
evidence suggests that under the described conditions oxygen hinders the polymerisation of 
N-isopropylacrylamide. This is unlike that seen for the polymerisation of N,N-
dimethylacrylamide (see Chapter 3), where instead an induction period of ≥ 15 minutes was 
present before the polymerisation then proceeded. 
 
Figure 4.23. Final 1H NMR spectra for the attempted synthesis of PNIPAM in the presence of 
oxygen at varying bromoform concentrations (0, 0.5, 1.0 and 2.0 mol % relative to monomer) 
in water. 
The effect of the presence of oxygen in free radical polymerisation formulations has been 
extensively discussed in the literature312–316. Oxygen is an excellent free radical scavenger266 
and can react with initiating or propagating radicals to form the typically unreactive peroxyl 
radical314,316. This results in extended induction periods or termination of growing polymer 
chains within a polymerisation reaction314,316. In this example, one possibility could be that the 
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induction period exceeds the 30 minutes of UV irradiation that the solutions were exposed to 
and increased periods of UV irradiation could result in polymer formation. 
ACPA (or possibly bromoform-derived) radicals that are generated during the reaction may 
interact with the oxygen present in the reaction flask. Bromoform is known to react with oxygen 
via several different mechanisms under varying conditions. Of particular relevance, reactions 
of the tribromomethyl (Br3C•) and dibromomethyl (Br2HC•) radicals can occur with molecular 
oxygen (O2) 317,318. As previously discussed, bromoform can undergo dissociation into Br2HC• 
and Br• radicals upon UV irradiation, or hydrogen transfer, whereby Br3C• and H• are produced, 
likely in competing pathways. It was already determined in Section 4.5 that these radicals 
(Br2HC•, Br•, Br3C• and H•) are not capable of initiating the polymerisation of N-
isopropylacrylamide under the described conditions. However, the Br3C• and Br2HC• radicals 
produced are known to react rapidly with O2 to form tribromomethyl and dibromomethyl peroxy 
radicals, respectively. These radicals are then known to decompose in water to form a 
combination of H+, Br-, CO and CO2. Additionally, ACPA is also known to react with O2 to form 
unreactive peroxide radicals which can self-terminate through combination319, either between 
two ACPA peroxide radicals or the ACPA peroxide radical and another radical in the system. 
This second radical could be an ACPA-derived radical not involved in a reaction with O2 or 
one of the many radicals formed from UV-induced bromoform dissociation as previously 
described. The ACPA present could have been completely consumed by the oxygen, the 
peroxy radicals produced from the bromoform or one of the decomposition radicals present in 
the flask; resulting in no radicals capable of initiating the reaction being present. 
These experiments highlighted how oxygen prevents the polymerisation of N-
isopropylacrylamide under the described conditions. Therefore, it was decided that the 
degassing process (via vacuum-nitrogen cycles) is essential for these reactions. 
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4.7 Reaction scale-up 
In order to obtain enough PNIPAM macro-initiator for future block copolymer studies, the 
homopolymerisation reaction was scaled up by a factor of ten to produce 20 g of polymer. 
Using the results obtained in Section 4.3, it was determined that the reaction with 2 mol % 
bromoform offered the opportunity for the highest proportion of potentially bromine-terminated 
chains to be formed within the usable bromoform miscibility range. Therefore, 2 mol % 
bromoform was used during the synthesis of 20 g PNIPAM macro-initiator for the purpose of 
synthesising PNIPAM-b-PDMA block copolymers.  
1H NMR spectroscopy and GPC data were obtained for the PNIPAM macro-initiator produced 
and are summarised in Table 4.5. The overall conversion, molar mass and molar mass 
dispersity were all high. This is not dissimilar to the observations in the kinetic study (targeting 
2 g of PNIPAM macro-initiator) as described in Section 4.2. 
Table 4.5. Summary of final monomer conversion, molar mass and molar mass dispersity data 
for the polymerisation of N-isopropylacrylamide using 2 mol % bromoform targeting 20 g of 
macro-initiator (in water). 
Experiment code Final monomer 
conversion (%) a
 Mn (kg mol-1) b Ð b 
HJH032 98 512.2 2.2 
a) Calculated using 1H NMR spectroscopy and Equation 2.1 
b) Determined using DMF GPC with PMMA standards 
 
The Tg of the PNIPAM macro-initiator sample was determined using DSC (as described in 
Section 2.4.3). Table 4.6 demonstrates that the Tg is slightly above the literature range (135 - 
142 °C326–328). Figure 4.24 shows the DSC thermogram of the PNIPAM macro-initiator, 
identifying the region in which the glass transition temperature occurs.  
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As previously described, PNIPAM degrades between 350 - 450 °C329, via a one-step 
degradation profile, forming volatile, small molecules. This is evidenced in Figure 4.25 which 
shows the degradation profile for the PNIPAM macro-initiator synthesised at the larger scale. 
 
Table 4.6. Summary of the glass transition temperature for the PNIPAM macro-initiator 
synthesised at larger scale (water synthesis). 
Experiment 
series 
Onset of Tg  
(°C) 
Endset of Tg  
(°C)  
Midpoint of Tg  
(°C) 
HJH032 139 146 142.5 
 
 
Figure 4.24. DSC thermograms of the PNIPAM macro-initiator (synthesised in water) to be 
used in future block copolymer reactions. 
 
120 140 160 180
Temperature (°C)
ΔH endo ΔH exo 
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 155 
















Figure 4.25. TGA degradation profile for the PNIPAM macro-initiator (synthesised in water at 
larger scale) to be used in block copolymer reactions. 
Finally, DLS was used to determine the LCST of the PNIPAM macro-initiator synthesised at 2 
mol % bromoform. As previously discussed, the polymer structure goes from a state of well-
solvated, randomly distributed polymer at low temperature to a state of highly packed chains 
at high temperature330 and results in the polymer precipitating out of solution. Figure 4.26 
shows that the PNIPAM macro-initiator synthesised herein exhibits an LCST between 33 and 
35 °C; within the given literature range (30 - 35 °C1,339,344–346). This information will be used 
alongside the results discussed in Chapter 5 to highlight any changes in the LCST when 
forming block copolymers. 
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Figure 4.26. Size versus temperature of PNIPAM macro-initiator (synthesised in water) at 
varying bromoform concentrations highlighting the LCST (or coil-to-globule transition). 
The purpose of this additional characterisation was to confirm that the thermal properties of 
the macro-initiators were consistent with those reported in the literature and the small scale 
kinetic studies, as described above. Additionally, this information will be used to compare the 
properties of any potential block copolymers to the individual homopolymers they are 
synthesised from. 
4.8 Conclusions 
This chapter describes the synthesis of poly(N-isopropylacrylamide) using bromoform-
assisted polymerisation and has been discussed in detail. Multiple studies investigating 
varying bromoform content, solvent, bromoform as a potential photoinitiator, and the effect of 
oxygen on the reaction system have been explored.  
Initially, the study focusing on the effect of increasing bromoform content, from 0 - 2.0 mol % 
(relative to monomer), highlighted that bromoform did not appear to exhibit chain transfer 
capabilities under the described conditions (in water). This was evidenced by the lack of 
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relationship between bromoform concentration and molar mass from the near-identical GPC 
traces. If bromoform was behaving as a CTA the molar mass would be expected to decrease 
significantly with increasing bromoform content. These outcomes contradict the previous work 
of Thananukul et al.212, where it was demonstrated that bromoform exhibits successful chain 
transfer capabilities during the polymerisation of acrylamide. However, there is no evidence of 
thermal control during the course of the reaction in the Thananukul et al. studies and the 
effects of bromoform as a CTA could be linked to the high temperatures (up to 50 °C) achieved 
during the prolonged UV irradiation times. Additionally, these findings are similar to the PDMA 
syntheses described in Chapter 3. Overall, the rate of the reaction, for the synthesis of 
PNIPAM, was not altered with increasing bromoform content and all reactions (including 
repeats) achieved high monomer conversions (≥ 88 %). Notably, the molar mass dispersity of 
the final PNIPAM samples was high (Ð = 2.2 - 2.4), with no suggested relationship between 
molar mass dispersity and bromoform content.  
Changing the solvent to DMF demonstrated considerable differences in the kinetics of NIPAM 
polymerisation at varying bromoform concentration (0, 0.5, 1.0 and 2.0 mol % relative to 
monomer). Firstly, the required reaction time needed to be increased from 30 to 360 minutes 
to achieve reasonably high monomer conversions (≥ 64 %) due to the slower rate of reaction 
in DMF. Similar to the water study, the change in molar mass of resulting PNIPAM could be 
considered negligible and the GPC traces were near-identical at all bromoform concentrations 
investigated. There was also little to no change in the rate between the reactions, and no clear 
relationship between bromoform concentration and the rate of the reaction was observed. 
Similarly, the molar mass dispersity of the final polymers was high (Ð = 2.2 - 2.3), with no 
suggested relationship between molar mass dispersity and bromoform content. The final 
molar masses obtained in the DMF system (23.8 - 27.2 kg mol-1) were considerably lower than 
those achieved when using water as the solvent (521.1 - 535.6 kg mol-1), which is attributed 
to the lower propagation rates in DMF. Additionally, the results described for the synthesis of 
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PNIPAM in DMF are also similar to those for PDMA (see Chapter 3) under the same 
conditions. 
In both the water and DMF kinetic studies appropriate purification methods were developed 
and analytical techniques (1H NMR spectroscopy, GPC, DSC, TGA and DLS) were used to 
further confirm the characteristics of the final polymers. In all cases, including repeats, the 
experimentally determined data (Tg, degradation temperature range and LCST) were within 
the known literature values. This data will be useful when comparing the properties of the 
PNIPAM homopolymers to any block copolymers that may be synthesised. As previously 
discussed, the polymerisations revealed a solvent effect on the homopolymerisation of NIPAM 
at varied bromoform concentration when moving from water to DMF, which was reflected in a 
significant decrease in the molar mass of the samples. The reactions in DMF were used as a 
tool to determine the solvent effect and provide further insight into the role of bromoform in 
these syntheses. However, with the goal being to develop a more environmentally friendly, 
inexpensive, industrially relevant polymerisation technique future reactions were conducted in 
water.  This removes the need for toxic, harmful organic solvents during the synthesis, which 
is one of the overarching objectives of this project. 
In another study, in the absence of ACPA photoinitiator, it was determined that whilst 
bromoform produces radicals when exposed to UV light, these radicals are incapable of 
initiating the polymerisation of N-isopropylacrylamide under the studied conditions. This is 
contradictory to the previous findings of Dunn et al.209, Miller et al.208 and Wu et al.211. In each 
of these examples, it is claimed that bromine radicals (generated from bromoform, carbon 
tetrabromide, dibromomethane, monobromomethane or bromotrichloromethane) are capable 
of initiating the polymerisation of acrylonitrile, acrylic acid, AMPS and styrene. However, the 
lack of thermal control throughout these reactions could be the contributing factor that resulted 
in the success of these polymerisations; with the highest solution temperature being reported 
as 50 °C208. Conversely, this does concur with the more recent work of Thananukul et al.212. 
In this case bromoform was also deemed incapable of initiating the polymerisation of 
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acrylamide at varied bromoform concentration, even without thermal control of the system. 
Additionally, these findings are analogous to those discussed in Chapter 3; similarly 
bromoform did not produce any radicals capable of initiating the polymerisation of DMA under 
the same conditions.  
A study in which oxygen was present in the reaction highlighted the importance of the 
degassing stage in the methodology for these syntheses. With oxygen present, the reaction 
would not proceed at any bromoform concentration. This is unlike the synthesis of PDMA (see 
Chapter 3), where an induction period of ≥ 15 minutes was observed before the reaction 
ultimately proceeded. In the case of the attempted synthesis of PNIPAM in air, the ACPA 
present in each reaction solution could be being completely consumed by the oxygen, the 
peroxyl radicals produced from the bromoform or one of the decomposition radicals present 
in the flask. In any case, this results in no radicals capable of initiating the reaction being 
present. Additionally, an induction period that exceeds the 30 minutes of UV irradiation time 
could also result in no polymer being formed. The hindrance of oxygen to these reactions has 
emphasised the need for the degassing stage within the methodology for all proceeding 
PNIPAM syntheses. 
Finally, the polymerisation of N-isopropylacrylamide at 2.0 mol % bromoform (relative to 
monomer), was scaled up to produce a suitable quantity of a potentially bromine-terminated 
PNIPAM macro-initiator (Section 4.7) for subsequent block copolymer syntheses. The 
PNIPAM macro-initiator was synthesised to 98% conversion and exhibited similar properties 
to those synthesised at smaller scale (2 g), discussed in Section 4.3 including; high molar 
mass, high molar mass dispersity, Tg, degradation profile and LCST. 
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This chapter focuses on the synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-
isopropylacrylamide) [PDMA-b-PNIPAM] (Scheme 5.1) using suspected bromine-terminated 
poly(N,N-dimethylacrylamide) [PDMA] as a macro-initiator (see Chapter 3).  
 
Scheme 5.1. Synthesis of poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) 
(PDMA-b-PNIPAM) using bromine-terminated N,N-dimethylacrylamide (PDMA). 
One-pot and two-step syntheses were conducted to identify potential routes for the production 
of PDMA-b-PNIPAM block copolymers using PDMA that was synthesised with 2 mol % 
bromoform (relative to N,N-dimethylacrylamide monomer, see Chapter 3); in an attempt to 
maximise the number of bromine-terminated chains within the usable bromoform miscibility 
range. In addition, the two-step synthesis route was conducted using PDMA (2 mol % 
bromoform relative to monomer) that reached high conversion (91 %) and PDMA purposefully 
stopped at lower conversion (70 % conversion); again in an effort to further maximise the 
number of bromine-terminated chains. This approach was informed by the literature related to 
controlled radical polymerisation methods [such as reversible addition-fragmentation chain 
transfer (RAFT) polymerisation, atom transfer radical polymerisation (ATRP) and nitroxide-
mediated polymerisation (NMP)], during which chain ends are often lost under monomer 
starved conditions (at high conversions, i.e. ≥ 90 %) to side reactions321–325. 
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N,N-Dimethylacrylamide (DMA) and N-isopropylacrylamide (NIPAM) were selected due to 
their desirable water solubility allowing the reaction to be conducted in HPLC-grade water. 
Similarly to the homopolymerisations of DMA and NIPAM the block copolymer reactions were 
completed in an ice bath to provide thermal control over the reaction conditions and prevent 
excessive heating during prolonged UV irradiation (2 hours). In all cases, no additional 4,4-
azobiscyanovaleric acid (ACPA) photoinitiator or bromoform was added to the system in the 
second step. Finally, a control reaction using a PDMA starting block synthesised without 
bromoform was conducted to determine whether bromoform was required to cap the polymer 
chain with a reversibly labile group for subsequent chain extension to occur.  
5.1 One-pot method 
Preliminary block copolymer studies were conducted using a crude (non-precipitated) PDMA 
starting block. Simply, NIPAM monomer was added to the reaction flask containing PDMA and 
water. However, as the PDMA had not been precipitated it is reasonable to assume that some 
unreacted ACPA photoinitiator, bromoform and DMA monomer were also present in the 
reaction solution.  
PDMA-b-PNIPAM copolymers with a range of target DMA:NIPAM molar ratios were 
synthesised and are summarised in Table 5.1. The target degree of polymerisation (DP) was 
calculated using Equation 5.1.. Dimethylformamide (DMF) gel permeation chromatography 
(GPC, using poly(methyl methacrylate) [PMMA] standards) was performed to determine the 
relative molar mass values for the PDMA macro-initiator and subsequent PDMA-b-PNIPAM 
block copolymers. The average experimental DPs of the PNIPAM block were determined 
using two methods; DMF GPC results alongside Equation 5.2 as well as NIPAM monomer 
conversions as judged by 1H nuclear magnetic resonance (NMR) spectroscopy and Equation 
5.3. In the discussion the average experimental DP of the PNIPAM block calculated from the 
1H NMR data and Equation 5.3 has been used due to the previously described limitations of 
the GPC data. The length of the PNIPAM block increased when targeting higher DPs; as 
expected. Furthermore, the monomer conversion was generally higher when longer PNIPAM 
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blocks were targeted, which is attributed to higher NIPAM concentrations during the 
polymerisation. 
Table 5.1. Summary of Mn, Ð and the target and achieved PNIPAM DPs in PDMA-b-PNIPAM 
copolymers synthesised via the one-pot method, using 2 mol % bromoform and 1.0 mol % 
ACPA (relative to DMA monomer). 














PDMA 1450f - 143.6 - - 3.6 
PDMA1450-b-PNIPAM160 62 145.3 15 100 4.2 
PDMA1450-b-PNIPAM360 63 148.1 40 230 4.3 
PDMA1450-b-PNIPAM620 88 145.9 20 550 3.4 
PDMA1450-b-PNIPAM970 89 184.4 360 860 4.0 
PDMA1450-b-PNIPAM1450 94 186.3 380 1360 5.0 
PDMA1450-b-PNIPAM2180 90 259.1 1020 1960 5.3 
PDMA1450-b-PNIPAM3380 96 233.2 790 3240 6.4 
PDMA1450-b-PNIPAM5800 90 216.2 640 5220 8.4 
a) Target PNIPAM DP calculated using GPC and Equation 5.1. 
b) Calculated using 1H NMR spectroscopy and Equation 2.1. 
c) Determined by DMF GPC using PMMA standards. 
d) Calculated using DMF GPC results and Equation 5.2 and values are rounded to the 
nearest ten. 
e) Calculated using 1H NMR spectroscopy and Equation 5.3. and values are rounded to 
the nearest ten. 
f) PDMA macro-initiator achieving a final DMA monomer conversion of 99 %. 
 
 
DP of PDMA starting block 
DMA ratio in block copolymer
× NIPAM target ratio in block copolymer Equation 5.1. 
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Mn of ′copolymer
′ − Mn of PDMA macroinitiator




Conversion of NIPAM block
100
× target DP Equation 5.3. 
 
The GPC traces of the PDMA-b-PNIPAM copolymers indicate successful chain extension of 
the PDMA macro-initiator with NIPAM before [Figure 5.1(a)] and after precipitation [Figure 
5.1(b)]. A clear shift to shorter retention times was observed when extending PDMA with 
NIPAM monomer. However, the molar masses determined by GPC (see Table 5.1) do not 
reflect sufficiently increased molar mass values for block copolymers where the target 
PNIPAM DP was ≤ 550. This is likely due to the already large size of the PDMA macro-initiators 
[Mn > 140.0 kg mol-1, relative to PMMA standards] and the limitations of the GPC. Additionally, 
there is significant broadening of the GPC traces or the presence of low molar mass shoulders 
(or tails) for block copolymers where the target PNIPAM DP was ≥ 1360 [Figure 5.1(b)]. This 
could be due to the presence of; unreacted PDMA macro-initiator, PNIPAM homopolymer 
and/or poly(N,N-dimethylacrylamide-stat-N-isopropylacrylamide) [PDMA-st-PNIPAM]. As 
previously discussed, bromoform can undergo dissociation into Br2HC• and Br• radicals upon 
UV irradiation, or hydrogen transfer, whereby Br3C• and H• are produced, likely in competing 
pathways. It was already determined in Chapters 3 and 4 that these radicals (Br2HC•, Br•, Br3C• 
and H•) are not capable of initiating the polymerisation of DMA or NIPAM under the described 
conditions. However, the PDMA chains that have been capped by hydrogen (due to the 
aforementioned hydrogen transfer) would be irreversibly terminated and unable to react 
further to form block copolymers. Additionally, as aforementioned, the PDMA starting block 
has not been precipitated, so unreacted ACPA, bromoform and DMA monomer could be 
present in the reaction solution. Due to the presence of unreacted ACPA and DMA monomer 
in the system it is reasonable to assume that additional PDMA, as well as PNIPAM and PDMA-
st-PNIPAM could be made during the reaction. Some of these products, including the 
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PNIPAM, could be formed at high molecular weights and be responsible for the apparent shift 
in the GPC traces observed [Figure 5.1]. The presence of one or more of these side products 
is also reflected in the significantly increased dispersities of the block copolymers (see Table 
5.1) when compared to the PDMA macro-initiator and also contributes to the lack of linearity 
observed between average experimental DP and molar mass (Figure 5.2). 
 
Figure 5.1. GPC traces of PDMA macro-initiator and PDMA-b-PNIPAM copolymers (one-pot) 
with target PNIPAM DPs ranging from 160 to 5800 (a) before precipitation and (b) after 
precipitation. 
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Figure 5.2. Achieved molar mass of the copolymer versus average experimental degree of 
polymerisation (determined using 1H NMR spectroscopy and Equation 5.3.) of the PNIPAM 
block in the PDMA-b-PNIPAM block copolymers synthesised during the one-pot synthesis. 
5.1.1 Thermal properties 
The block copolymer samples were further characterised using differential scanning 
calorimetry (DSC), thermal gravimetric analysis (TGA) and dynamic light scattering (DLS). 
DSC (as described in Section 2.3.3) was used to determine the glass transition temperatures 
(Tg) of the samples. As observed across the literature, it is common to identify two glass 
transitions for high molecular weight diblock and graft copolymers; one for each polymer phase 
present347. Table 5.2 summarises the two glass transition temperatures and Figure 5.3 shows 
the DSC thermograms in each of the copolymers except for PDMA1450-b-PNIPAM5220; which 
has the highest PNIPAM target block length and only a single transition. For the samples with 
two transitions, the first (Tg1) is present between 74 - 90 °C. This transition appears lower than 
the available literature values (89 - 130 °C297–302) for PDMA homopolymer in most cases but 
is attributed to the PDMA block. The second transition (Tg2) is present between 121 - 143 °C 
and is attributed to the PNIPAM block. Similarly, the samples with low PNIPAM DPs (≤ 230) 
exhibit transitions lower than the literature range (135 - 142 °C326–328) for the homopolymer, 
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which is attributed to the oligomeric nature of the PNIPAM blocks. The decrease in the glass 
transition of the individual blocks is similar to other findings within the literature which have 
also demonstrated glass transitions below those of the individual homopolymers for other 
systems348.  
 
Table 5.2. Summary of the glass transition temperatures for the PDMA macro-initiator, PDMA-
b-PNIPAM copolymers (one-pot) and PNIPAM homopolymer synthesised using 2 mol % 
bromoform (relative to monomer). 
Sample Tg1 (°C) Tg2 (°C) 
PNIPAM (2 mol %) - 143.0 
PDMA 1450 116.0 - 
PDMA1450-b-PNIPAM100 80.0 121 
PDMA1450-b-PNIPAM230 77.5 125.0 
PDMA1450-b-PNIPAM550 74.0 142.0 
PDMA1450-b-PNIPAM860 90.0 138.0 
PDMA1450-b-PNIPAM1360 78.5 142.5 
PDMA1450-b-PNIPAM1960 74.5 141.0 
PDMA1450-b-PNIPAM3240 79.5 142.5 
PDMA1450-b-PNIPAM5220 - 143.0 
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Figure 5.3. DSC thermograms of the PDMA macro-initiator, PDMA-b-PNIPAM copolymers 
(one-pot) and PNIPAM homopolymer synthesised using 2 mol % bromoform (relative to 
monomer). 
TGA was used to determine the degradation profiles of the PDMA-b-PNIPAM copolymers. 
The available literature data indicate that both PDMA and PNIPAM homopolymers degrade 
between 350 and 450 °C302 via a one-step degradation profile, forming volatile, small 
molecules. Therefore, it is unsurprising that each of the PDMA-b-PNIPAM copolymers also 
appear to degrade in this range (see Figure 5.4). Closer inspection of the degradation profiles 
shows that the copolymers with small quantities of PNIPAM more closely follow the profile of 
the PDMA homopolymer. Whilst the trend is not linear, the block copolymers that contain high 
quantities of PNIPAM more closely resemble the degradation profile of a PNIPAM 
homopolymer synthesised with 2 mol % bromoform (relative to monomer).  
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Figure 5.4. TGA degradation profiles for PDMA macro-initiator, PDMA-b-PNIPAM copolymers 
(one-pot) and PNIPAM homopolymer synthesised using 2 mol % bromoform (relative to 
monomer). 
Finally, DLS was used to determine the lower critical solution temperature (LCST) of the block 
copolymers. There is varied information in the literature regarding the influence on the LCST 
when incorporating PNIPAM into block copolymers; in some cases a change (up to 44 °C) is 
reported279,345, in others, a negligible change is identified 349,350 and many show no change at 
all351–354. Herein, the samples with a DP ≤ 230 do not exhibit an LCST (between 25-50 °C) 
possibly due to the low quantities of PNIPAM in the copolymer structures and the dominance 
of PDMA. Additionally, the sample with a NIPAM DP of 550 exhibits an LCST slightly higher 
than that observed for the PNIPAM homopolymer; between 34 and 36 °C as opposed to 34 to 
35 °C. All of the remaining samples exhibit a coil-to-globule transition between 34 and 35 °C, 
which is the same as that observed for the synthesis of PNIPAM homopolymers at varying 
bromoform concentrations (see Chapter 4). The coil-to-globule transition is highlighted by the 
change in size with temperature and in all cases, where a transition is present, the onset of 
the LCST (34 °C) is within the literature range for PNIPAM homopolymer1,339,344–346. However, 
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there is no apparent trend between size and PNIPAM block length in the copolymers after the 
transition has occurred. 






















































Figure 5.5. Size versus temperature of PNIPAM homopolymer (2 mol % bromoform relative to 
monomer) and PDMA-b-PNIPAM copolymers (one-pot) highlighting the LCST (or coil-to-
globule transition).  
In this study, PDMA-b-PNIPAM copolymers were synthesised via a one-pot method at varying 
PNIPAM block ratios in HPLC-grade water. The GPC traces of the PDMA-b-PNIPAM 
copolymers indicate successful chain extension of the PDMA macro-initiator as the traces shift 
to shorter retention times. However, the molar masses determined by GPC of these samples 
do not reflect the significant shifts observed in the traces. This is due to the already large size 
of the PDMA macro-initiators and the limits of the GPC. In addition, the traces exhibiting low 
molar mass shoulders (or tails) suggest that there are other species present in the final sample 
which also contributes to the large dispersities and inaccurate molar mass values obtained. 
As aforementioned, because the PDMA macro-initiator was not precipitated prior to these 
reactions, it is possible that PDMA (both non-reactive PDMA macro-initiator and newly created 
PDMA), PNIPAM and PDMA-st-PNIPAM contaminants could be formed due to the unreacted 
ACPA being present from the first stage of the reaction (used to produce the PDMA macro-
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initiator). Additionally, the PNIPAM formed could have resulted in the apparent shift to shorter 
retention times that have been observed. Further characterisation in the form of DSC, TGA 
and DLS was completed to identify similarities between the potential PDMA-b-PNIPAM 
copolymers and the individual PDMA and PNIPAM homopolymers. Two glass transitions are 
identified in the block copolymers (excluding the PDMA1450-b-PNIPAM5220 sample); each 
corresponding to the individual homopolymers which is common in block copolymers. The 
samples all degrade via a one-step degradation process between 350 and 450 °C; which is 
also seen for the individual homopolymers. Finally, the onset of the LCST of the block 
copolymers (at DP ≥ 550) is within the known literature range for PNIPAM and is not dissimilar 
to the PNIPAM synthesised at 2 mol % bromoform (relative to monomer). However, no LCST 
was observed for the copolymers with PNIPAM block lengths ≤ 230 likely due to the 
dominance of the PDMA portion of the block copolymers. 
Using crude PDMA (i.e. non-precipitated) has resulted in the added difficulty of unwanted 
PDMA, PNIPAM and PDMA-st-PNIPAM potentially being present alongside the block 
copolymers that were targeted. Therefore, to remove this complication and delve deeper into 
understanding this system, a second series of reactions where the PDMA macro-initiator was 
suitably purified were conducted.  
5.2 Two-step method 
As identified in Section 5.1, using crude PDMA macro-initiator (in a one-pot synthesis route) 
leads to additional unwanted products being formed. Therefore, in this study precipitated 
PDMA macro-initiators have been used to remove unreacted ACPA, bromoform and DMA 
monomer and prevent the formation of unwanted PDMA and PNIPAM homopolymers and 
PDMA-st-PNIPAM copolymers. In this case, the reaction solutions in step two contain 
precipitated PDMA, NIPAM monomer and HPLC-grade water only. To further develop the 
synthetic methodology, two PDMA macro-initiators have been used in the two-step synthesis; 
namely a PDMA sample that reached high conversion (≥ 91 %) and PDMA purposefully 
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stopped at lower conversion (70 % conversion) in an effort to maximise the number of 
bromine-terminated chains. 
5.2.1 Macro-initiator at high conversion 
A PDMA macro-initiator was synthesised using 2 mol % bromoform (relative to DMA 
monomer) and allowed to proceed to high monomer conversion (91 % after 2 hours of UV 
irradiation, see Chapter 3). PDMA-b-PNIPAM copolymers with varying block molar ratios were 
subsequently targeted in a polymerisation formulation containing PDMA (see Figure 5.6), 
NIPAM monomer and water only. Importantly, the PDMA was purified to remove any 
unreacted monomer, initiator and bromoform impurities, and no additional ACPA or 
bromoform was used in this reaction. This purification step ensures that any subsequent 
polymerisation can only be initiated by the proposed PDMA macro-initiator (and not residual 
ACPA or bromoform), as the NIPAM does not self-polymerise under these conditions (vide 
infra). 
 
Figure 5.6. 1H NMR spectrum of precipitated PDMA macro-initiator (synthesised to 91 % 
conversion) showing no residual monomer peaks present in the sample at 5.6, 6.0 and 6.6 
ppm.  
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PDMA-b-PNIPAM copolymers with a range of target DMA:NIPAM molar ratios were 
synthesised as summarised in Table 5.3.  
Table 5.3. Summary of Mn, Ð and the target and achieved PNIPAM DPs in PDMA-b-PNIPAM 
copolymers synthesised via the two-step method using PDMA that achieved high monomer 
conversion (91 %) in step one.  
a) Target PNIPAM DP calculated using GPC and Equation 5.1.. 
b) Calculated using 1H NMR spectroscopy and Equation 2.1. 
c) Determined by DMF GPC using PMMA standards. 
d) Calculated using DMF GPC results and Equation 5.2 and values are rounded to the 
nearest ten. 
e) Calculated using 1H NMR spectroscopy and Equation 5.3. and values are rounded to 
the nearest ten. 
f) PDMA macro-initiator synthesised using 2 mol % bromoform (relative to monomer), 
achieving a final DMA monomer conversion of 91 %. 
g) Mn appears smaller than expected due to broadness of GPC trace, suggesting PDMA 
macro-initiator is still present. This is also reflected in the higher dispersity value. 
h) Mn appears smaller than expected due to PDMA macro-initiator still present. This is 
also reflected in the higher dispersity value. 














PDMA 1500f - 148.4 - - 3.9 
PDMA1500-b-PNIPAM170 66 163.6 130 110 3.4 
PDMA1500-b-PNIPAM380 70 165.8 150 270 3.4 
PDMA1500-b-PNIPAM640 65 196.3 420 420 3.2 
PDMA1500-b-PNIPAM1000 75 164.4g 140 750 5.3g 
PDMA1500-b-PNIPAM1500 87 264.8 1030 1310 4.1 
PDMA1500-b-PNIPAM2300 89 392.6h 2160 2050 4.1h 
PDMA1500-b-PNIPAM3500 95 463.6 2790 3330 3.9 
PDMA1500-b-PNIPAM6000 85 603.7 4020 5100 3.4 
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The target degree of polymerisation was calculated using Equation 5.1.. DMF GPC analysis 
was performed to determine the molar mass values for the PDMA macro-initiator and 
subsequent PDMA-b-PNIPAM block copolymers (relative to PMMA standards). The average 
experimental DPs of the PNIPAM block were determined using two methods; DMF GPC 
results alongside Equation 5.2 as well as NIPAM monomer conversions as judged by 1H 
nuclear magnetic resonance (NMR) spectroscopy and Equation 5.3. As previously described, 
the average experimental DP of the PNIPAM block calculated from the 1H NMR data and 
Equation 5.3 will be discussed due to the limitations of the GPC data.  
As summarised in Table 5.3, the length of the PNIPAM block increased when targeting higher 
DPs, as expected. Furthermore, the monomer conversion was higher when longer PNIPAM 
blocks were targeted, which is attributed to higher NIPAM concentrations during the 
polymerisation. The GPC traces [Figure 5.7(b)] of the purified PDMA-b-PNIPAM copolymers 
indicate successful chain-extension of the PDMA macro-initiator with NIPAM for only the 
samples with an achieved PNIPAM DP ≥ 420. A clear shift to shorter retention times was 
observed in these samples when extending PDMA with NIPAM monomer, before [Figure 
5.7(a)] and after precipitation see [Figure 5.7(b)], which corresponds to a significant increase 
in Mn as summarised in Table 5.3. Notably, there is a clear formation of low molar mass 
species [Figure 5.7(a)] that is then removed from the final samples during precipitation [Figure 
5.7(b)]. This is reflected in the traces shifting to shorter retention times after precipitation 
(Figure 5.7). 
Encouragingly, there is a minimal low molar mass shoulder observed at retention times 
expected for the PDMA homopolymer alone in the final precipitated samples [Figure 5.7(b)], 
in many cases, and the Mn increases somewhat linearly when targeting larger PNIPAM DPs 
(Figure 5.8). On the other hand, Figure 5.7 suggests that little or no PDMA chain extension 
was achieved for block copolymers where the target PNIPAM DP was ≤ 380. However, 1H 
NMR spectra confirm the presence of the PNIPAM block in both cases (Figure 5.9), suggesting 
block copolymers have been formed in all cases. These contrasting observations may allude 
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to the limitations of GPC when analysing the chain extension of the already high molar mass 
PDMA macro-initiator [Mn > 140.0 kg mol-1, relative to poly(methyl methacrylate) standards]. 
Additionally, GPC traces for purified PDMA1500-b-PNIPAM750 and PDMA1500-b-PNIPAM2050 
block copolymers (target PDMA:PNIPAM molar ratios of 0.60:0.40 and 0.40:0.60, 
respectively) exhibit low molar mass shoulders (or tails) which are most likely due to unreacted 
PDMA macro-initiator. This is also reflected in the higher molar mass dispersity when 
compared to the other PDMA-b-PNIPAM block copolymers synthesised, and abnormally low 
Mn values as summarised in Table 5.3. This suggests that not all of the PDMA chains 
synthesised in the first step are capable of being chain-extended with NIPAM; likely due to the 
competing dissociation pathways of bromoform (between bromine and hydrogen transfer202–
206). Additionally, this could be due to the presence of PDMA chains without the necessary 
bromine functionality for example, chains initiator-capped at both ends, most likely formed via 
termination events. 
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Figure 5.7. GPC traces of PDMA macro-initiator and PDMA-b-PNIPAM copolymers (two-step, 
PDMA macro-initiator 91 % conversion) with target PNIPAM DPs ranging from 170 to 6000 
(a) before precipitation and (b) after precipitation. 
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Figure 5.8. Achieved molar mass versus average experimental degree of polymerisation 
(determined using 1H NMR spectroscopy and Equation 5.3.) of the PNIPAM block in the 
PDMA-b-PNIPAM block copolymers synthesised during the two-step synthesis (using PDMA 
synthesised to 91 % conversion). 
 
Figure 5.9. 1H NMR spectra showing (a) PDMA macro-initiator (91 % conversion), (b) 
PDMA1500-b-PNIPAM170 and (c) PDMA1500-b-PNIPAM380 all after precipitation; indicating the 
presence of PNIPAM in the block copolymers. 
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5.2.1.1 Thermal properties 
As previously discussed, it is common for diblock copolymers to display individual glass 
transition temperatures (Tg values) corresponding to each constituent polymer block. 
Importantly, DSC analysis, as summarised in Table 5.4 and Figure 5.10, indicates the 
presence of two distinct Tg features for all PDMA-b-PNIPAM copolymers synthesised via the 
two-step method. In all cases, the first Tg (Tg1) is observed between 65 - 97 oC, which is closest 
to the experimentally determined Tg value of the PDMA macro-initiator (121 °C). All Tg1 values 
were either within or lower (≤ 25 oC) than the reported literature range for PDMA homopolymer 
(89 - 130 °C)297–302. The second Tg (Tg2) was observed between 125 - 143 °C for all 
copolymers. Again, all Tg2 values were either within or slightly lower (≤ 10 oC) than the available 
literature values for the Tg of PNIPAM homopolymer (135 - 142 °C)326–328. As aforementioned, 
the decrease in the glass transition of the individual blocks is similar to other findings within 
the literature348. 
Table 5.4. Glass transition temperatures for PDMA macro-initiator, subsequent PDMA-b-
PNIPAM block copolymers synthesised via the two-step method [using a macro-initiator 
synthesised to high conversion (91 %)] and a PNIPAM homopolymer (2 mol % bromoform). 
Sample Tg1 (°C) Tg2 (°C) 
PDMA1500 121 - 
PNIPAM (2 mol % CHBr3) - 143 
PDMA1500-b-PNIPAM110 78 125 
PDMA1500-b-PNIPAM270 73 126 
PDMA1500-b-PNIPAM420 76 131 
PDMA1500-b-PNIPAM750 70 132 
PDMA1500-b-PNIPAM1310 69 125 
PDMA1500-b-PNIPAM2050 65 138 
PDMA1500-b-PNIPAM3330 71 138 
PDMA1500-b-PNIPAM5100 74 133 
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Figure 5.10. DSC thermograms of the PDMA macro-initiator (91 % conversion), subsequent 
PDMA-b-PNIPAM block copolymers (synthesised via the two-step route) and a PNIPAM 
homopolymer (2 mol % bromoform). 
In addition, TGA analysis (Figure 5.11) shows that all homopolymers and block copolymers 
degrade in the known literature range (350 - 450 °C302,329) via a one-step degradation pathway, 
forming volatile, small molecules. Like the trend seen in the one-pot synthesis, the block 
copolymers (excluding the copolymer with PNIPAM DP ~ 110) appear to move between the 
degradation profile of PDMA to PNIPAM homopolymer with increasing PNIPAM block length.  
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Figure 5.11. TGA degradation profile for the PDMA macro-initiator (91 % conversion), 
subsequent PDMA-b-PNIPAM block copolymers (synthesised via the two-step route) and a 
PNIPAM homopolymer (2.0 mol % bromoform). 
Finally, DLS was used to determine the LCST of the block copolymers (see Figure 5.12). 
Similar to the one-pot method, the sample synthesised at a DP < 230 (i.e. DP ~ 110) for the 
PNIPAM block exhibited no LCST for the temperature range investigated, again, this is likely 
because of the dominance of the PDMA block. Additionally, the sample with DP equal to 270 
exhibited a broader LCST range, namely 34 - 36 °C, when compared to the other block 
copolymers and PNIPAM homopolymer samples. All of the remaining samples exhibit a coil-
to-globule transition between 34 - 35 °C which is the same as that observed for the PNIPAM 
homopolymers at all bromoform concentrations (see Chapter 4). The coil-to-globule transition 
is highlighted by the change in size with temperature and in all cases, where a transition is 
present, the onset of the LCST (34 °C) is within the literature range for PNIPAM 
homopolymer1,339,344–346. However, there is no apparent trend between size and PNIPAM block 
length in the copolymers after the transition has occurred.  
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Figure 5.12. Size versus temperature of PNIPAM homopolymer (2 mol % bromoform relative 
to monomer) and PDMA-b-PNIPAM copolymers synthesised via the two-step method [using 
a PDMA macro-initiator synthesised to high conversion (91 %)] highlighting the LCST (or coil-
to-globule transition).  
In this study, PDMA-b-PNIPAM copolymers were synthesised using a two-step synthesis 
route. More specifically, a PDMA macro-initiator was synthesised to high final conversion (91 
%) and was precipitated before being used in subsequent block copolymer reactions. The 
GPC traces of the PDMA-b-PNIPAM copolymers, before and after precipitation, indicate 
successful chain extension of the PDMA macro-initiator (in most cases) as the traces shift to 
shorter retention times. Additionally, the molar masses of all of the block copolymers increase 
somewhat linearly when targeting higher PNIPAM DPs. Similar to the one-pot synthesis route, 
the GPC traces of the final block copolymers still suggest that other species could be present 
in the final sample. However, as the PDMA macro-initiator was precipitated it is likely that the 
low molar mass shoulders (or tails) are only due to PDMA chains that have not been reversibly 
terminated with an appropriate chain end functionality required for block extension. The 
competition between bromine and hydrogen transfer from bromoform to the PDMA precursor 
block, in addition to the inherent termination and chain transfer events of free-radical 
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polymerisation, could result in PDMA chains being produced that are incapable of chain 
extension.  
Further characterisation in the form of DSC, TGA and DLS was undertaken to compare the 
potential PDMA-b-PNIPAM copolymers and the individual PDMA and PNIPAM 
homopolymers. Two glass transitions are identified in the block copolymers; each 
corresponding to the individual homopolymers. Additionally, the samples all degrade via a 
one-step degradation process between 350 and 450 °C; which is also seen for the individual 
homopolymers. Finally, the onset of the LCST of the block copolymers (DP ≥ 270) is within 
the known literature range for PNIPAM and is not dissimilar to the PNIPAM synthesised at 2 
mol % bromoform (relative to monomer). However, similar to the one-pot synthesis route, no 
LCST was observed for the copolymers with PNIPAM block lengths of ≤ 230 likely due to the 
dominance of the PDMA portion and oligomeric nature of the PNIPAM in the block copolymers. 
The presence of PDMA chains without the required bromine chain end results in dead polymer 
chains incapable of chain extension for the production of block copolymers. Therefore, in an 
attempt to increase the number of bromine-terminated chains a final two-step synthesis was 
conducted. In this example the PDMA macro-initiator was synthesised and stopped at 70 % 
monomer conversion in an attempt to increase the chain end fidelity of the bromine. This 
synthetic route is informed by the literature related to controlled radical polymerisation 
methods during which chain ends are often lost under monomer starved conditions (i.e. at 
high conversions, ≥ 90 %) to side reactions321–325. 
5.2.2 Macro-initiator at 70 % conversion 
A PDMA macro-initiator was synthesised using 2 mol % bromoform (relative to monomer) and 
purposefully stopped at 70 % conversion in an attempt to increase the number of bromine-
terminated chains present and subsequently the number of block copolymer chains formed in 
the second reaction. PDMA-b-PNIPAM copolymers with varying block molar ratios were 
targeted in a polymerisation formulation containing PDMA (see Figure 5.13), NIPAM monomer 
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and water only. As described in the previous two-step investigation, the PDMA was purified to 
remove any unreacted monomer, initiator and bromoform impurities, and no additional ACPA 
or bromoform was used in this reaction.  
 
Figure 5.13. 1H NMR spectrum of precipitated PDMA macro-initiator (synthesised to 70 % 
conversion) showing no residual monomer peaks present in the sample at 5.6, 6.0 and 6.6 
ppm. 
PDMA-b-PNIPAM copolymers with a range of target DMA:NIPAM molar ratios were 
synthesised as summarised in Table 5.5. The target degree of polymerisation was calculated 
using Equation 5.1.. DMF GPC analysis was performed to determine the relative molar mass 
values for the PDMA macro-initiator and subsequent PDMA-b-PNIPAM block copolymers. The 
average experimental DPs of the PNIPAM block were determined using two methods; DMF 
GPC results alongside Equation 5.2 as well as NIPAM monomer conversions as judged by 1H 
nuclear magnetic resonance (NMR) spectroscopy and Equation 5.3. As previously described, 
the average experimental DP of the PNIPAM block calculated from the 1H NMR data and 
Equation 5.3 will be discussed due to the limitations of the GPC data. 
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Table 5.5. Summary of Mn, Ð and the target and achieved PNIPAM DP in PDMA-b-PNIPAM 
copolymers synthesised via the two-step method using PDMA that was stopped at 70 % 
conversion. 
a) Target PNIPAM DP calculated using GPC and Equation 5.1.. 
b) Calculated using 1H NMR spectroscopy and Equation 2.1. 
c) Determined by DMF GPC using PMMA standards. 
d) Calculated using DMF GPC results and Equation 5.2 and values are rounded to the 
nearest ten. 
e) Calculated using 1H NMR spectroscopy and Equation 5.3. and values are rounded to 
the nearest ten. 
f) PDMA macro-initiator synthesised using 2 mol % bromoform (relative to monomer), 
stopped at a final DMA monomer conversion of 70 %. 
g) Not calculated as Mn of copolymer appears lower than PDMA macroinitiator. 
h) Mn appears smaller than expected due to PDMA macro-initiator still present. This is 
also reflected in the higher dispersity value. 
 
The length of the PNIPAM block increased when targeting higher DPs, as expected, and the 
NIPAM monomer conversion was high in all cases. Similar to the trend observed for the 
previous two-step synthesis (using PDMA synthesised to 91 % conversion, see Table 5.3), 














PDMA 3280f - 324.7 - - 2.8 
PDMA3280-b-PNIPAM360 81 259.1 g 300 3.3 
PDMA3280-b-PNIPAM820 88 272.2 g 720 3.1 
PDMA3280-b-PNIPAM1410 84 301.5 g 1180 3.1 
PDMA3280-b-PNIPAM2190 89 255.2h g 1950 4.2h 
PDMA3280-b-PNIPAM3280 95 369.1h 390 3120 3.5h 
PDMA3280-b-PNIPAM4920 90 325.8h 10 4430 5.1h 
PDMA3280-b-PNIPAM7650 92 409.2h 750 7040 4.4h 
PDMA3280-b-PNIPAM13,120 96 464.6h 1240 12,600 4.4h 
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the monomer conversion is higher when longer PNIPAM blocks are targeted, which is 
attributed to higher NIPAM concentrations during the polymerisation.  
The GPC traces for the purified PDMA-b-PNIPAM copolymers indicate successful chain-
extension of the PDMA macro-initiator with NIPAM clearly for the samples with an achieved 
PNIPAM DP ≥ 1950. A clear shift to shorter retention times was observed when extending 
PDMA with NIPAM monomer, both before [Figure 5.14(a)] and after precipitation [Figure 
5.14(b)], for these samples which corresponds to a significant increase in Mn as summarised 
in Table 5.5. The remaining samples show small shifts in the GPC traces only after 
precipitation [Figure 5.14(b)]. However, in all cases there is significant peak broadening and/or 
the presence of a low molar mass shoulder observed at retention times expected for the PDMA 
homopolymer alone [Figure 5.14(b)]. Additionally, the shift to shorter retention times, in these 
cases, is not reflected by a significant increase in average molar mass that would also be 
expected. This is likely due to the high dispersities (3.5-5.1) of the broad or bimodal peaks that 
result in inaccurate molar mass approximations; suggesting that not all of the PDMA chains 
synthesised in the first step are capable of being chain-extended with NIPAM. Qualitatively, 
this implies that the PDMA polymerisation at 70 % conversion (compared to the one at higher 
conversion of 91 %) does not increase the number of bromine-terminated PDMA chains to be 
used in the block copolymer reaction. Unlike the previous two-step synthesis, using PDMA 
synthesised to 91 % conversion, Figure 5.15 highlights that there is an unclear trend between 
final molar mass and DP of the PNIPAM block as some points appear below the molar mass 
of the macroinitiator.  
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Figure 5.14. GPC traces of PDMA macro-initiator and PDMA-b-PNIPAM copolymers (two-
step, PDMA macro-initiator 70 % conversion) with target PNIPAM DPs ranging from 300 to 
13,120 (a) before precipitation and (b) after precipitation. 
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Figure 5.15. Achieved molar mass versus average experimental DP (determined via 1H NMR 
spectroscopy and Equation 5.3.) of the PNIPAM block in the PDMA-b-PNIPAM block 
copolymers in the two-step synthesis (PDMA synthesised to 70 % conversion). 
The PDMA synthesised to 70 % conversion is approximately double the molar mass of the 
PDMA that was synthesised to high conversion (91 %); this is a result of high initial rates of 
propagation leading to the formation of high molar mass chains when more monomer is 
present in the system (i.e. at lower conversions). For the PDMA synthesised to 91 % 
conversion, after the high initial rates of propagation, the monomer concentration is reduced 
and thus shorter polymer chains are synthesised, resulting in a reduction in the average molar 
mass in the system294–296. This has only amplified the limitations of GPC when analysing the 
chain extension of the already high molar mass PDMA macro-initiator [Mn > 320.0 kg mol-1, 
relative to PMMA standards]. Significantly, the PDMA-b-PNIPAM copolymers with achieved 
PNIPAM DPs ≤ 1180 are near-identical to the PDMA macro-initiator suggesting that chain 
extension with NIPAM was unsuccessful in these cases. However, 1H NMR spectra does 
confirm the presence of PNIPAM in all cases (Figure 5.16).  
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Figure 5.16. 1H NMR spectra showing (a) PDMA macro-initiator (70 % conversion), (b) 
PDMA3280-b-PNIPAM300, (c) PDMA3280-b-PNIPAM720, (d) PDMA3280-b-PNIPAM1180 and (e) 
PDMA3280-b-PNIPAM1950 all after precipitation; indicating the presence of PNIPAM in the block 
copolymers. 
One possible reason for the PNIPAM block being present (as confirmed by 1H NMR) but no 
shift in the GPC trace is that the lower molar mass PDMA macro-initiator chains are the only 
ones being extended with NIPAM. This could be because of the increased probability of 
NIPAM monomer being able to find a reversibly capped chain end in the lower molar mass 
PDMA chains. The remaining higher molar mass PDMA chains are either not or negligibly 
chain extended. The significant quantity of high molar mass PDMA macro-initiator still present 
could be dominating the GPC traces making it appear as though no chain extension has 
occurred. Finally, Figure 5.14(b) shows a significant low molar mass tail in each sample which 
is likely the cause of the final molar mass values being lower than the PDMA macro initiator 
alone (Table 5.5).  
In this study, PDMA-b-PNIPAM copolymers were synthesised using a two-step synthesis 
route from a PDMA macro-initiator purposefully synthesised to 70 % conversion. As previously 
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described, this approach was informed by the literature related to controlled radical 
polymerisation methods (including RAFT, NMP and ATRP) during which chain ends are often 
lost under monomer starved conditions (at high conversions, i.e. ≥ 90 %) to side reactions321–
325. The PDMA macro-initiator was precipitated before being used in subsequent block 
copolymer reactions. The GPC traces of the PDMA-b-PNIPAM copolymers, before and after 
precipitation, indicate successful chain extension in a limited number of the samples. The GPC 
traces of the block copolymers with PNIPAM DPs ≥ 1950 shift to shorter retention times, 
however, contain significant tails or shoulders that indicate a high quantity of PDMA incapable 
of being chain extended is also present. The remaining samples with PNIPAM DP ≤ 1180 do 
not shift to shorter retention times and appear near-identical to the PDMA macro-initiator 
alone. Additionally, the molar mass data obtained from these GPC traces do not reflect 
significant chain extension of the PDMA even with 1H NMR confirming the presence of the 
PNIPAM block. However, this is likely a result of only the low molar mass PDMA macro-initiator 
chains being successfully chain extended in each reaction and the high molar mass PDMA, 
that were not chain extended, dominating the GPC trace. Shifts in the GPC traces are also 
difficult to identify due to the limitations of GPC alongside the broad dispersity of the PDMA 
macro-initiator used in these syntheses.   
In all of the block copolymer studies described herein one common theme has been the 
discussion regarding the GPC data. 1H NMR successfully confirms the presence of the 
PNIPAM block in all cases (one-pot and both two-step synthetic routes), however, due to the 
already large size of the PDMA macro-initiators and the limits of the GPC, the molar mass 
data do not always reflect successful chain extension. Additionally, where the GPC traces shift 
to lower retention times and an increase in the molar mass is observed, this alone cannot be 
used as conclusive evidence of successful chain extension. It could simply represent the 
presence of another high molar mass species; such as PNIPAM homopolymer as opposed to 
PDMA-b-PNIPAM copolymers. Therefore, a series of control reactions were conducted to 
provide further indirect evidence of chain extension of the PDMA macro-initiator with NIPAM.  
 H.J.Hutchins, PhD Thesis, Aston University, 2021. 190 
5.3 Control experiments 
To further confirm that PDMA-b-PNIPAM block copolymers were successfully synthesised, 
and not simply a mixture of PDMA and PNIPAM homopolymers, important control experiments 
were conducted. Firstly, NIPAM homopolymerisations were attempted in the absence of 
ACPA photoinitiator (i.e. only NIPAM, bromoform and water present). Importantly, no 
polymerisation occurred after irradiation with UV light (Figure 5.17), which indicates that 
bromoform itself does not act as a photoinitiator under these conditions. This is contrary to 
previous reports by Miller208 and Wu et al.211, who proposed the use of bromoform as a 
photoinitiator during the polymerisation of acrylamide, acrylonitrile, acrylic acid and 2-
acrylamido-2-methylpropane sulfonic acid (AMPS). However, as previously discussed, these 
studies lack thermal control and temperatures of up to 50 °C, reached during the UV 
irradiation, could be causing bromoform to behave as a thermal initiator. Secondly, 
polymerisations without ACPA and bromoform (i.e. only NIPAM and water present) were 
attempted in order to determine whether NIPAM would self-polymerise. Using the previously 
described conditions and even extended UV exposure times, homopolymerisation of NIPAM 
did not take place (Figure 5.17). This further suggests that the shift to lower retention times, 
observed in both of the two-step synthetic routes, is not due to the production of PNIPAM 
homopolymer and can only have occurred due to the successful chain extension of the PDMA 
with NIPAM. Additionally, the block copolymer samples that did not show a shift in the GPC 
trace, or increase in molar mass, but did confirm the presence of PNIPAM by 1H NMR could 
also have been successfully chain extended. However, it could be that only the lower molar 
mass PDMA chains are being predominantly chain extended with NIPAM in these cases. 
Additionally, the high proportion of PDMA not capped with bromine, still present in these 
samples, could be dominating the GPC traces making it appear as though no chain extension 
has occurred.  
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Figure 5.17. 1H NMR spectra showing only monomer peaks present for the attempted 
synthesis of PNIPAM in the absence of photoinitiator (namely ACPA) at varied bromoform (0, 
0.5, 1.0 and 2.0 mol % relative to monomer) concentrations. All experiments were completed 
in 25 mL deionised water for 7 hours of UV irradiation (starting temperature 0 °C, ice bath 
replenished every 1 hour to maintain temperature control). 
Thirdly, a control reaction using PDMA synthesised without bromoform was conducted. When 
targeting PDMA1500-b-PNIPAM3500 under these conditions, no NIPAM polymerisation was 
observed (neither homopolymerisation nor PDMA chain-extension), indicating that bromoform 
is needed during the synthesis of the macro-initiator for the formation of the desired diblock 
copolymer (Figure 5.18 and Appendix 13). These control studies (summarised in Scheme 5.2) 
provide further evidence that bromoform is required to impart bromine functionality onto the 
PDMA chains to enable block copolymer synthesis. 
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Figure 5.18. 1H NMR spectra showing (a) PDMA after precipitation, (b) PDMA1500-b-
PNIPAM3330 (using 2 mol % bromoform in step 1) after precipitation and (c) only NIPAM 
monomer peaks present for the attempted synthesis of PDMA-b-PNIPAM from PDMA (0 mol 
% bromoform). 
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Scheme 5.2. (a) Attempted synthesis of NIPAM homopolymer in the absence of ACPA 
photoinitiator. (b) Attempted synthesis of NIPAM homopolymer in the absence of bromoform 
and ACPA photoinitiator. (c). Attempted synthesis of PDMA-b-PNIPAM copolymers without 
bromoform in step 1. (d) Successful two-step synthesis of PDMA-b-PNIPAM copolymers using 
PDMA prepared using bromoform in step 1. 
5.4 Conclusion 
This chapter describes in detail the one- and two-step synthesis of PDMA-b-PNIPAM 
copolymers. Multiple studies using PDMA macro-initiators that were crude, precipitated and 
stopped at varied final conversions have been explored as potentially suitable precursors for 
effective block copolymer formation.  
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Initially, PDMA-b-PNIPAM copolymers were synthesised via a one-pot method at varying 
PDMA:PNIPAM block ratios in HPLC-grade water. The GPC traces of the PDMA-b-PNIPAM 
copolymers indicate successful chain extension of the PDMA macro-initiator as the traces shift 
to shorter retention times in all cases. However, the molar masses determined by GPC of 
these samples do not always reflect the shifts, this is due to some traces exhibiting low molar 
mass shoulders (or tails) indicating that there are other species present in the final sample. It 
is possible that PDMA, PNIPAM and PDMA-st-PNIPAM ‘contaminants’ could have been 
produced due to unreacted ACPA and DMA monomer still present from the PDMA macro-
initiator synthesis. Additional analyses via DSC, TGA and DLS highlighted the thermal 
properties of the block copolymer samples. However, these results mimic those of the two 
homopolymers, or a homopolymer mixture and do not confirm whether block copolymer 
formation was successful. 
To eliminate the potential of creating unwanted polymer products in the block copolymer 
synthesis, a second series of reactions was conducted; using a two-step synthetic route. This 
involved the precipitation of the PDMA macro-initiator to remove residual ACPA, bromoform 
and DMA monomer. Firstly, a series of reactions using a PDMA macro-initiator synthesised to 
high final conversion (91 %) was conducted. The GPC traces of the PDMA-b-PNIPAM 
copolymers produced indicate successful chain extension of the PDMA macro-initiator, in 
most cases, and the molar masses of the block copolymers increase somewhat linearly when 
targeting higher PNIPAM DPs. Similar to the one-pot synthesis route, the GPC results suggest 
that other species are present in the final sample. Hydrogen transfer, from the bromoform, in 
addition to termination events could result in PDMA chains that have not been terminated with 
the appropriate bromine chain end functionality required for block copolymer formation. 
Similarly, DSC, TGA and DLS analyses determine the thermal properties of the final samples 
to be similar to the two homopolymers, or a homopolymer mixture and do not confirm whether 
block copolymer formation had been successful. 
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In an attempt to increase the number of bromine-terminated chains in the macro-initiator 
sample a final PDMA synthesis was conducted and stopped at 70 % conversion. Similarly, the 
PDMA macro-initiator was precipitated before being using in subsequent block copolymer 
reactions to eliminate the formation of unwanted homo- or statistical copolymer species. The 
GPC traces of these PDMA-b-PNIPAM copolymers only suggest successful chain extension 
in the block copolymers with PNIPAM DP ≥ 1950, however, they all contain significant 
shoulders (or tails) that indicate a high quantity of PDMA is present that is incapable of being 
chain extended. The remaining samples do not shift to shorter retention times and appear 
near-identical to the PDMA macro-initiator alone. The molar mass data obtained from these 
GPC traces do not reflect significant chain extension of the PDMA even with 1H NMR 
confirming the presence of the PNIPAM block in all cases. However, one possibility is that 
only the low molar mass PDMA chains are extended with NIPAM in these cases; due to the 
increased probability of NIPAM finding a reversibly capped PDMA chain end in this case. The 
remaining high molar mass PDMA, whilst still present, isn’t or is negligibly chain extended and 
dominates the GPC trace; making it seem as though chain extension has been unsuccessful. 
Additionally, the limitations of GPC when analysing already high molar mass macro-initiators 
could also be causing inaccuracies in the data. The study described in Section 5.1.2, using a 
PDMA macro-initiator synthesised to 91 % conversion (with a significantly lower molar mass), 
demonstrates greater visual success (from the GPC traces) of the block copolymers at all 
molar ratios.  
As previously mentioned, the one common problem highlighted in this work has been the 
limitations of the GPC data. Working with already high molar mass PDMA macro-initiator 
samples has led to questions being raised about the suitability of GPC for confirming 
successful block copolymer synthesis. To rectify this a series of control experiments were 
conducted to provide further evidence that successful chain extension of the PDMA with 
NIPAM had occurred; particularly for the two-step syntheses. These control reactions 
determined that bromoform will not behave as a photoinitiator for NIPAM under the present 
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conditions. Additionally, when no bromoform or ACPA are present, NIPAM will not 
homopolymerise; this is important for the two-step syntheses where significant increase in the 
molar masses was observed as this suggests it must be because of successful chain 
extension of PDMA with NIPAM to form PDMA-b-PNIPAM copolymers. Finally, a control 
reaction was used to determine whether bromoform is required in the macro-initiator synthesis 
for subsequent successful chain extension to occur. This reaction confirmed that bromoform 
is required to generate bromine-terminated PDMA chains that are capable of chain-extension 
with NIPAM. When bromoform is not used for the synthesis of PDMA, no PNIPAM-containing 
species were produced at all (i.e. no PNIPAM homopolymer or PDMA-b-PNIPAM block 
copolymers) under otherwise identical conditions. 
  










Chapter 6. Conclusions and Future 
Work 
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6.1 Conclusions 
The development of synthetic techniques that eliminate the need for sulfur- or metal-
containing compounds is of great interest for producing commercially-relevant block 
copolymers. Furthermore, replacing organic solvents with water significantly reduces the 
environmental impact of the process and opens the opportunity up for the production of 
biomedical block copolymers via this route.  
With these goals in mind, bromoform-assisted free radical polymerisation, as a viable synthetic 
route to commercially-relevant block copolymers, has been explored. Initial exploration of the 
scope and limitations of this technique have been investigated regarding the production of 
poly(N,N-dimethylacrylamide)-block-poly(N-isopropylacrylamide) [PDMA-b-PNIPAM] 
copolymers. More specifically, multiple poly(N,N-dimethylacrylamide) [PDMA] macro-initiators 
were synthesised to determine the most appropriate route for successful block copolymer 
synthesis. After which, block copolymers at varying PDMA:poly(N-isopropylacrylamide) 
(PNIPAM) molar ratios were subsequently targeted.  
Initially, homopolymerisations of N,N-dimethylacrylamide (DMA) and N-isopropylacrylamide 
(NIPAM) were conducted to determine the influence of bromoform on the rate, molar mass 
(Mn) and dispersity (Ð) of the polymer produced. Additionally, the effect of solvent [high 
performance liquid chromatography (HPLC)-grade water and dimethylformamide (DMF)] were 
explored in an attempt to better understand the role of bromoform in these reactions. Notably, 
an ice bath was employed to offer thermal control over the course of the reaction; to eliminate 
any thermal effects from the UV lamp likely present in previously reported studies207–209,211,212.  
The kinetic studies (0 - 2 mol % bromoform relative to monomer) in water, for both PDMA 
(Chapter 3) and PNIPAM (Chapter 4), demonstrate that the evolution of molar mass with 
monomer conversion is in line with conventional free radical polymerisation72–74, rather than 
RDRP75–79, where the relationship would be linear. Additionally, there is little to no difference 
in polymerisation rate observed for either PDMA or PNIPAM at all bromoform concentrations 
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studied herein. High monomer conversions (≥ 88 %) and dispersities were achieved in all 
cases. Gel permeation chromatography (GPC) highlighted that there was good reproducibility 
of the syntheses conducted at all bromoform concentrations (three repeats of each polymer 
synthesis at each bromoform concentration).  
For the studies conducted in DMF the key difference was the extended reaction time, from 60 
to 360 and 30 to 360 minutes for PDMA and PNIPAM, respectively. The reaction time had to 
be increased to ensure sufficiently high conversions (≥ 77 % and ≥ 64 % for PDMA and 
PNIPAM, respectively) were achieved in each reaction. Additionally, the final molar masses of 
the PDMA and PNIPAM were significantly lower than those achieved in the water study at all 
bromoform concentrations. Similarly, GPC confirmed good reproducibility between runs for 
both polymers at each bromoform concentration. The significant decrease in the rate of 
reaction and molar mass of the polymers, when moving from water to DMF, is attributed to a 
decrease in the reactivity of the monomer double bond. More specifically, in polar solvents 
(such as water) the rate of propagation has been shown to increase as a result of hydrogen 
bonding at the carbonyl group on the amide. This effect results in increased reactivity at the 
double bond of the monomer which in turn results in faster propagation rates. The hydrogen 
bonding effect, whilst still present, is significantly reduced in organic solvents. Additionally, the 
reduced conversion, even with extended polymerisation time, is also a contributing factor to 
the lower molar masses observed in the DMF studies.  
For both PDMA and PNIPAM, in water and DMF, there was no apparent relationship observed 
between bromoform content and rate, Mn or dispersity Ð of the reaction. This suggests that, 
under the described conditions, bromoform is not behaving as a conventional chain transfer 
agent (CTA) as indicated in previous work by Thananukal et al.212 for the polymerisation of 
acrylamide. Therefore, further reactions were conducted in an attempt to determine the role 
of bromoform in the system. Significantly, water was used as the solvent in all subsequent 
reactions to develop a greener synthetic route to block copolymers. 
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Bromoform was investigated for its initiating capabilities under the same reaction conditions. 
In this case the photo initiator, 4,4’-azobis(4-cyanovaleric acid) [ACPA], was not included in 
the reaction mixture so that only monomer, bromoform and water were present. Significantly, 
bromoform did not behave as a photoinitiator at any bromoform concentration (0 - 2 mol %) 
for either PDMA or PNIPAM homopolymerisation under the conditions used (~ 4 °C); signifying 
that photoinitiator is needed to create a radical source for polymerisation to occur. Importantly, 
the control reactions with no bromoform or ACPA, for DMA and NIPAM, did not produce 
polymer. Confirming that DMA and NIPAM do not self-polymerise under the described 
conditions.  
To further improve the synthetic methodology, a final series of homopolymerisation reactions 
in the presence of oxygen were investigated. However, this introduced a lengthy induction 
period for the synthesis of PDMA and hindered the PNIPAM reaction altogether (for the 
reaction times studied). Therefore, the degassing stage was determined to be essential for 
efficient homopolymer synthesis in both cases. 
Refinement of the homopolymerisation studies then led to an optimal route for the synthesis 
of PDMA and PNIPAM macro-initiators. Each homopolymerisation reaction was scaled up (to 
20 g) using 2 mol % bromoform (relative to monomer) in an attempt to maximise the proportion 
of potentially bromine-terminated PDMA or PNIPAM chains within the usable bromoform 
miscibility range. The macro-initiators synthesised in these studies exhibited similar properties 
to those synthesised during the corresponding kinetic (2 g) reactions previously described.  
At all stages the thermal properties of the PDMA and PNIPAM samples were analysed. More 
specifically, the glass transition (Tg) temperature, degradation range and, where appropriate, 
lower critical solution temperature (LCST) were determined. In all cases, including the reaction 
scale up, the observations were as expected. The Tg values of the final polymers were within 
the known literature ranges of 89 - 130 °C297–302 and 135 - 142 °C326–328 for PDMA and 
PNIPAM, respectively. Both homopolymers exhibited a single step thermal degradation 
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between 350 - 450 °C302,329 and the PNIPAM samples all demonstrated a LCST transition 
between 30 - 35 °C1,339,344–346 as expected.  
A further in-depth investigation was then undertaken to determine the potential of PDMA 
macro-initiators to successfully reinitiate under further UV irradiation for subsequent block 
copolymer synthesis to occur (Chapter 5). Initially, a one-pot investigation was completed as 
the simplest, quickest way to determine whether block copolymers could be formed from a 
PDMA macro-initiator. A variety of PDMA:PNIPAM block ratios were targeted and the GPC 
traces indicated significant chain extension in all cases from the observed shift to lower 
retention times. However, the molar masses determined by GPC were deemed inaccurate in 
some cases due to the presence of a low molar mass shoulder (or tail) from potential 
‘contaminants’ in the final sample. As the PDMA macro-initiator, for the one-pot synthesis, was 
not precipitated it was assumed that unreacted ACPA, bromoform and DMA monomer were 
also present in the reaction solution. Therefore poly(N,N-dimethylacrylamide-stat-N-
isopropylacrylamide) [PDMA-st-PNIPAM], PDMA and PNIPAM homopolymer ‘contaminants’ 
could be present in the final samples; resulting in the inaccurate molar mass data obtained 
from GPC analysis. Significantly, due to the presence of unreacted ACPA, high molar mass 
PNIPAM homopolymer could also have been produced which could be the cause of the shift 
in the GPC traces to lower retention times. Hence, a two-step synthetic route in which 
unreacted ACPA, bromoform and DMA monomer were removed via precipitation, was then 
explored to eliminate unwanted ‘contaminants’ being produced and provide further evidence 
as to whether block copolymers could be formed via this route. 
The two-step synthetic route was further divided into two studies; one using a PDMA macro-
initiator synthesised to high (91 %) conversion and another using a PDMA macro-initiator 
purposefully stopped at 70 % conversion. In the first example, the GPC traces indicate 
successful chain extension of the PDMA macro-initiator (synthesised to 91 % conversion) from 
the apparent shift to lower retention times. Whilst there were low mass shoulders (or tails) 
present in some of the samples, overall the molar masses of the PDMA-b-PNIPAM 
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copolymers increased somewhat linearly with increasing PNIPAM target degree of 
polymerisations (DP). The presence of the low molar mass shoulders (or tails) was attributed 
to PDMA chains that were not bromine-terminated. The PDMA without the bromine chain end 
is likely formed due to the competing pathways of hydrogen and bromine transfer, from the 
bromoform, in addition to termination events typical in free radical polymerisation.  
In an attempt to increase the number of bromine-terminated chains present in the macro-
initiator a sample of PDMA was synthesised and purposefully stopped at 70 % conversion. 
This method was informed by the literature related to controlled radical polymerisation 
methods during which chain ends are often lost under monomer starved conditions (i.e. at 
high conversions, ≥ 90 %) to side reactions321–325. As previously mentioned, the PDMA macro-
initiator was precipitated to remove any unreacted ACPA, bromoform or DMA monomer to 
prevent unwanted ‘contaminants’ being synthesised alongside the block copolymers targeted. 
Significantly, chain extension was only observed via GPC for the PDMA-b-PNIPAM 
copolymers with PNIPAM DP ≥ 1950. Even then, all of these block copolymer samples 
contained significant shoulders (or tails) indicating that a high quantity of PDMA is present that 
is incapable of being chain extended. The remaining samples, with a PNIPAM DP ≤ 1180, did 
not shift to shorter retention times and appear near-identical to the PDMA macro-initiator, 
however, 1H nuclear magnetic resonance (NMR) spectroscopy confirmed the presence of a 
PNIPAM species in all cases. There is the possibility that only the short chains of the PDMA 
macro-initiator were extended and due to the overwhelming quantity of large PDMA chains 
[present at significantly higher molar mass (324.7 kg mol-1) than those produced to high 
conversion in the previous study (148.4 kg mol-1)] this was not translated in the GPC curves 
of the final block copolymer samples. This study suggests that using a PDMA macro-initiator 
synthesised to 70 % conversion (as opposed to higher conversions of ≥ 91 %) does not result 
in an increase in the number of bromine-terminated chains required for block copolymer 
synthesis.  
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One significant issue highlighted in the block copolymer studies has been the limitations of 
GPC as an analytical tool for confirming the presence of block copolymers355. Working with 
already high molar mass macro-initiators (≥ 143.6 kg mol-1) in all cases highlighted the need 
for further investigation to provide more conclusive evidence of successful chain extension in 
all cases. Therefore, a final series of control reactions were conducted to provide further 
evidence that the PDMA macro-initiators discussed, particularly for the two-step syntheses, 
were chain extended with NIPAM to produce PDMA-b-PNIPAM copolymers. 
The first series of control reactions determined that bromoform will not behave as a 
photoinitiator for NIPAM under the described conditions. Additionally, NIPAM will not self-
polymerise when no ACPA or bromoform are present, like the conditions in the two-step 
synthesis route. These results establish that the presence of PNIPAM (confirmed in all cases 
by 1H NMR spectroscopy) and the significant increase in the molar mass observed can only 
have been due to the successful chain extension of the PDMA macro-initiator with NIPAM. 
Finally, a control reaction was used to determine whether bromoform was required to impart 
bromine functionality onto the PDMA chains for successful chain extension to occur. When 
bromoform was not used for the synthesis of PDMA, no PNIPAM-containing species were 
produced at all (i.e. no PDMA-b-PNIPAM block copolymers) under otherwise identical 
conditions. Therefore, this control reaction provides strong evidence that bromoform is 
required to generate PDMA chains that are capable of chain-extension with NIPAM. 
6.2 Future Work 
During this project it has been shown that amphiphilic block copolymers can be synthesised 
via a metal and sulfur-free, bromoform-assisted, aqueous free-radical polymerisation 
technique. Initial focus of the influence of bromoform on the synthesis of PDMA and PNIPAM 
macro-initiators was described, under UV conditions, and determined that bromoform was not 
behaving as a CTA; as implied in previous work by Thananukul et al.212 (for the synthesis of 
polyacrylamide). Subsequent studies then identified that bromoform is not a photoinitiator for 
the synthesis of PDMA or PNIPAM under the described conditions. The main goal for future 
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work is to continue to elucidate the mechanism of the bromoform-assisted synthesis 
technique. 
The syntheses conducted herein describe thermally controlled conditions, a development from 
the previous studies207–209,211,212. Therefore, it would be advantageous to investigate the role 
of bromoform under thermal conditions to elucidate whether bromoform can be used as a 
simple, readily available, inexpensive, stable (easily stored), water-miscible CTA or thermal 
initiator. This is based on the hypothesis of bromoform having thermally cleavable C-Br bonds 
that have the potential to create reactive radical sites in their own right. However, as PNIPAM 
exhibits an LCST (30-35 °C1,339,344–346) in water, an alternative water soluble comonomer would 
need to be selected. Alternatively, the thermal effect of bromoform could be studied for the 
current monomer combination in organic solvents; such as DMF. The study in organic solvents 
could also open up the opportunity to synthesise commercially-relevant block copolymers from 
hydrophobic monomers using this bromoform-assisted technique.  
To further amplify the effect of bromoform on the kinetics of the reactions discussed herein, 
and the thermal studies to be completed, a range of initiator (namely ACPA) concentrations 
should also be investigated. Decreasing the ACPA concentration (from the 1.0 mol % used 
herein) would slow down the reactions and could allow the interaction of bromoform on the 
system to dominate. Additionally, the monomer concentration could also be reduced to result 
in the same effect. Both series of investigations could provide more significant insights 
regarding the role of bromoform in these studies. This could also result in a decrease in the 
dispersity of the macro-initiator and subsequent block copolymers formed. 
Additionally, the PDMA macro-initiators described herein were synthesised using 2 mol % 
bromoform (within the miscibility range). Further studies could be undertaken to investigate 
the effect of bromoform concentration on the performance of the PDMA macro-initiators in 
terms of blocking efficacy. Therefore, PDMA macro-initiators could be produced at 0.5 and 1.0 
mol % bromoform to further uncover the most effective route to block copolymer synthesis.  
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In order to provide more conclusive evidence that block copolymers have been formed other 
analytical techniques could be explored. More specifically, diffusion-ordered spectroscopy 
(DOSY) which evaluates the movement of molecules; specifically, how they diffuse through a 
known medium356–360. This technique has been particularly useful in identifying which small 
molecules are present in a given mixture356. Whilst the literature is dominated by non-polymer 
applications of DOSY it is becoming an increasingly popular tool in copolymer analysis355,358–
361. Regarding this work, DOSY could be used to determine whether block copolymers or a 
mixture of homopolymers are present in the sample. This is due to the fact that the 
homopolymers, with their lower individual molecular weights, will diffuse at a faster rate than 
the corresponding copolymer357,358,360. To confirm successful copolymer synthesis, it is 
expected that both polymer blocks in the sample will diffuse at the same rate. 
In addition, to the synthetic and analytical avenues that could be explored, the precipitation 
method for isolating the block copolymers should also be developed. The block copolymer 
studies described in Chapter 5 highlight the presence of impurities in the final products 
regardless of whether the one or two-step synthetic route is used. Developing a method that 
would isolate the block copolymers and eliminate any unreacted PDMA, PNIPAM or potential 
PDMA-st-PNIPAM is vitally important if DOSY NMR (vide supra) is to be used to confirm the 
presence of the block copolymers.  
Finally, to advance this technique even further the ability to synthesise block copolymers of 
reversed monomer order, like that seen in photoiniferter polymerisation described in Chapter 
1, could be investigated. This could open up the opportunity to synthesise poly(N-
isopropylacrylamide)-block-poly(N,N-dimethylacrylamide) [PNIPAM-b-PNIPAM] copolymers 
as well as many other monomer combinations that could be investigated using this technique. 
The ability to synthesise block copolymers with indiscriminate sequencing is of great 
importance as it could allow access to materials that present techniques (such as RAFT277,362) 
cannot readily produce. This bromoform-assisted technique could provide an opportunity to 
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synthesise industrially-relevant block copolymers that are currently not possible; generating a 
new library of materials for use in a range of applications.  
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Appendix 
 
Appendix 1. 1H NMR kinetic overlay for the synthesis of PDMA in HPLC-grade water at 0 mol 
% bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 2. 1H NMR kinetic overlay for the synthesis of PDMA in HPLC-grade water at 0.5 
mol % bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 3. 1H NMR kinetic overlay for the synthesis of PDMA in HPLC-grade water at 1.0 
mol % bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 4. 1H NMR kinetic overlay for the synthesis of PDMA in DMF at 0 mol % bromoform 
showing the disappearance of monomer and broadening of polymer peaks throughout the 
course of the reaction. 
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Appendix 5. 1H NMR kinetic overlay for the synthesis of PDMA in DMF at 0.5 mol % bromoform 
showing the disappearance of monomer and broadening of polymer peaks throughout the 
course of the reaction. 
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Appendix 6. 1H NMR kinetic overlay for the synthesis of PDMA in DMF at 1.0 mol % bromoform 
showing the disappearance of monomer and broadening of polymer peaks throughout the 
course of the reaction. 
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Appendix 7. 1H NMR kinetic overlay for the synthesis of PNIPAM in HPLC-grade water at 0 
mol % bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 8. 1H NMR kinetic overlay for the synthesis of PNIPAM in HPLC-grade water at 0.5 
mol % bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 9. 1H NMR kinetic overlay for the synthesis of PNIPAM in HPLC-grade water at 1.0 
mol % bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 10. 1H NMR kinetic overlay for the synthesis of PNIPAM in DMF at 0 mol % 
bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 11. 1H NMR kinetic overlay for the synthesis of PNIPAM in DMF at 0.5 mol % 
bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 12. 1H NMR kinetic overlay for the synthesis of PNIPAM in DMF at 1.0 mol % 
bromoform showing the disappearance of monomer and broadening of polymer peaks 
throughout the course of the reaction. 
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Appendix 13. 1H NMR spectrum showing (a) PDMA after precipitation, (b) PDMA1500-b-
PNIPAM3330 before precipitation and (c) only NIPAM monomer peaks present for the 
attempted synthesis of PDMA1500-b-PNIPAM3500 from PDMA (0 mol % bromoform). 
 
 
 
 
 
 
 
